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ABSTRACT

In order to protect fish from organophosphorus (OP) insecticide
applications, field monitoring programs for assessing the effects af
OP insecticides on fish have to be developed. Detection of OP in-
secticide pollution in natural water requires knowledge of the sites of
action and the effects‘of_environmental factors on the toxicity of these
chemical in fish. Two oP insecticides} acephate (a phosphoramidothioate
and a direct inhibitor of cholinesterase [CchE]) and fenitrothion (a
phospherothioate and an indirect inhibitor of ChE), were tested on

rainbow trout (Salmo gairdneri) fingerlings to study the effects of

temperature stress on acute lethality and ChE inhibition in brﬁin and
skeletal muscle. Physiological responses of cardiovascular and
respiratory systems, ChE inhibition in various tissues and changes in
cerum electrolytes in adult fish exposed to each insecticide were ob-
sorved to provide some more understanding on the sites of action of
OP insecticide producing death in fish.

Temperature sStress affected the acuéé lethality of each insecticide
but was more pronounced with fenitrothion than with acephate during the
first 24 hour period. The effects of temperature stress became less
after 48 hours and no significant effects were observed after 96 hours
of exposure. Expressed as LC50 values (the coﬁcentration that produced
50 percent mortality), the toxicity of fenitrothion was about 600 to
1000 timcs Q;cuLLL .uan acephate deperd ing npon test temperature. There
was no correlation between ChE inhibition levels in the brain and skelet

e e nf vainhow frout finperlings and the concentration of acephate
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and fenitrothion which produced mortality.

Fenitrothion produced an increase in cough frequency, but acephate did
not. Acephate and fenitrothion Produced differential patterns of

ChE inhibition in various tissues of fish. The extent to which this
enzyme was inhibited depends on the physicochemical properties and
probably the distribution within the fish body of both insecticides.

ChE activities in the tissues of cardiovascular and respiratory systems
especially gills, heart and serum were Inhibited to a greater extent

than brain and skeletal muscle by each insecticide. It is suggested that
these two systems are adversely affected by OP insecticides and therefore
could be used to detect exposure to OP insecticides in fish. Acephate
and fonltrothion sroduced changes ‘in serum electrolytes charactetized
especiaily by an increase in Serum potassium and a decrease in serum
chloride concentrations. These changes were considered to be caused by
the wovement of electrolytes among fluid compartments to maintain electro-
neutrality,

This study indicates that the cardiovascular and respiratory systems
in fish are very important sites of action for OP insecticide toxicity,
and that this toxicity depends on physicochemical properties, eg. lipid
solubiliry and degree of ionization of the insecticide, and on environ-

mental Tactors, ep. tem crature.
’ p
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INTRODUCTION



Organic compounds containing phosphorus are essential constituents
of protoplasm and play important roles in the maintenance of life. Omn
the other hand, many organophosphorus (OP) compounds are artificially
produced for use as lubricants, oil additives, plasticizers, and
pesticides (Eto, 1974). The discovery of the insecticidal action of
these compounds was made in Germany during the Second World War from
efforts directed toward deveiopment of chemical-warfare agents (0'Brien,
1967). In addition to insecticidal activity, a variety of other bio~
logical activities of OP compounds was discovered. For example, these
compounds are used as acaricides, nematocides, anthelmintic agents
and herbicides. It is surprising that such great varieties of chemical,
physicil and biological properties of these OP pesticides are governed
by the selection of groups attached to the phosphorus atom.

Owing to the relatively low persistence and high effectiveness of
op pus?icidwﬁ, their application to agriculture, public health, and
related fields has been growing rapidly in many countries. About 140
orgaacphosphorus compounds are now used as pesticides and more than
60,000 tons a year of OP pesticides are p;gduced in the United States

alone (Eto, 1974).

Mechanism of action of OP insecticides in vertcbrates

2 e e

The insecticidal activity and mammalian toxicity of OP insecticides
are goucrally believed to be due to the inhibition or inactivation of
choliuncsteraces (ChE) which is a group of the hydrolytic enzymes for

acerylcholine (ACh), a nerve transmitter, released in the process of

cholinergic rransmigsion. ACh is a neuro—-transmitter operates in




cholinerpgic synapses which include synapses in the central nervous
system e2. in brain and spinal cord. ACh also operates in the synapses
of the peripheral somatic nervous system eg. the neuromuscular Junction
of the motor nerves, sensory nerve endings of skeletal muscle, and also
in the autonomic nervous system eg. all preganglionic, postganglionic
and a few postganglionic sympathetic synapses which consist of nerves,
ganglia and'plcxuses that provide the innervation to the heart, blood
vessels, glands, viscera and smooth muscle (Koelle, 1970a). The
inhibition of ChE by OP insecticides, therefore, disturbs normal nervous
function and finally results in the death of animals.

Knowledge of the involvement of ChE in the areas of neurophysiology
(Puch and Patton, 1965), neurobiochemistry (Silver, 1974) and neuro-
pharmacelogy (Koelle, 1970a, 1970b) is extensive. These areas are

well documented in the above text.

ChiE inhibition in fish by OP insecticides

Experiments have shown that fish exposed to sublethal and lethal
concentrations of several OP insecticides exhibited a reduced level of
ChE activity in excised brain tissue and the surviving fish removed from
exposure to OP insecticide demonstrated a capacity for regeneration of
this ensyme (Weiss, 1958; 1959). However, brain ChE inhibition in fish
exposcd to OP insecticides showed a broad range of response. The brain
ChE activity of [ishes that died from exposure to OP insecticides ranged
from zeru activity to 98.6 percent of normal level (Weiss, 1961). Fish
surviving such exposures had brain ChE activity as low as 5.4 to 10
noroons oF narmal level (Weiss, 1961; Gibson et al 1969). These

inves' ioators suppested that death usually occurs when fish brain ChE



activity is 40 to 70 percent inhibited as compared to that of non~
exposed, control fish of the same species. »Copﬁage (1972) and Coppage
and Mathews (1974) suggested 80 percent inhibition of the ChE activity
of fish brain is the critical level in short term OP insecticide
poisoning. These investigators also concluded that the degree of
inhibition of brain ChE activity by OP insecticides is a function of
concentrations of the insecticides, exposure time, specific chemical
nature of insecticides, water chemistry conditions and fish species.
Inhibition of brain ChE in fish has been proposed as a means of
detecting OF ingecticide pollution in natural waters and has been used
for monitoring purposes (William and Sova, 1966} Holland gg_gL 19673
Coppage and Braidech, 1976). Nicholson (1967) suggested that a ;0
percent depression of ChE concentration in fish brain should beiéaed_
as an upper limit for evaluating water quality relative4to OP insec~
ticide contaminatiom. Gibson et al (1969) reported that mortality
and recovery from oP insecticide poisoning in fish are not necessarily
related to the degree of ChE inhibition in the brain. The degree of
ChE inhibition in brain has also been reported as not being correlated
with the decline in behavioral and adaptive/¥esponses in fish (Rosic
£t al L174).

Moy studics have been done on the effect of anti-ChE agents on

the neur nuscular system in other vertebrates, but only recently has

the nodrouuscular system in fish received attention. Pharmacological
favecti ) tions of ncuromusculat transmission in fish have been reported
by Bidia and Knriyama (1969), Diamond and Mellanby (1971), and Mellanby

and Tho . pson (1972). They reported that the major lethal action of




anti-ChE agents was a blocking of neuromuscular transmission by pre-
venting both nerve stimulated and spontaneous release of ACh from
presynaptic terminals. Schneider and Weber (1975) evaluated the
significance of ChE to neuromuscular transmission in the pectoral fin

abductor muscle of largemouth bass (Micropterus salmoides) and reported

the occurvence of ChE inhibition by an OP insecticide, DFP (diisopropyl~
fluorophosphate). They concluded, however, that the acute toxic effects
of DFP to largemuuth bass are not mediated by a collapse of neuromuscular
function.

Fish skeletal muscle has also been suggested as a useful tissue as
fish brain in ChE inhibition study in detecting exposure to OP insecticides
and could facilitate sampling for enzyme assays especially with~?mall‘

fish where brain dissection may be difficult (Benke and Mﬁrphy,?1974).

Metabolism of OP insecticides in fish

Ot inseccticides can be separated into 2 major groups, according to
whether they are activated, as direct inhibitors and indirect inhibitors
(Loomis, 1974). The majority of OP insecticides are indirect inhibitors,
eg. phosphorothivates, which have the sulphur atom linked to the central
phosphorus atom (P=S) as the basic structure. These compounds have
little, if aﬁy, direct inhibitory activity of ChE and are activated by
the mixed-function oxidase (MFO) enzyme systems in liver to thé more
potent inhibitors, eg. the oxygen analogs (P=0). This enzyme system is
one of the major metabolic systems available for eliminating foreign
compounds such as drugs, petroleum products and insecticides (Chambers
and Yarbrough, 1976). Although these metabolic reactions are most often

detoriratica,, hiio uce some reactions, capecially epoxidation and
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desulfuration, which can be activations to more toxic compounds
(Chambers and Yarbrough, 1976).

The ability to metabolize OP insecticides and the fact that
the toxicity of OP insecticides is related to hepatic metabolic activity
has been demonstrated in a wide variety of fish species (Buhler and
Rasmusson, 1968). The activation of the indirect inhibitors, eg. the
phosphorothioate (P=S) compounds, to the active ChE inhibitor by liver

preparations has been observed in brook trout (Salvelinus fontinalis),

brown trout (Salmo trutta), pumpkinseed (Lepomis gibbosus), black

bullhead (. (1r::a relas), winter flounder (Pseudopleuronectus

americanus), and shorthorn sculpin (Myxocephalus scorpius) (Potter and

0'Brien, 1964; Murphy, 1966). Liver of pumpkinseed sunfish can both
sctivate and detoxify parathion and methyl parathion (phosphor;fhio;te
compounds), but at a slower rate than mouse liver (Benke et al. 1974).
Sesamcyx, a MFO inhibitor, prevented the activation of parathion in

mosquitofish (Gambusia affinis) and increased the 48 hr LCsg value (the

concentration of insecticide that produced 50 percent mortality at 48
hours of exposure) by almost 11-fold (Ludke}gglgi. 1972). A 57 percent
inhibition of brain ChE in the sesamex—tre;ted fish as compared to 89
percent inhibition in the non-treated groups of the same parathion
concentrations was reported. Activation of parathion by MFO, as
indicated by brain ChE inhibition, was also noted in golden shiners

'

(Notemigonus crysoleucas), green sunfish (Lepomis cyanellus), and

bluepill sunfish (Lepomis macrochirus) (Cibson and Ludke, 1973).

Effects of temperature vn fish and OP insecticides

e effects of temperature on fish are profound. From enzymatic




reactions through hormonal and nervoug control to digestion, respiration,
osmoregulation and to all aspects of performancé and behaviour, fish are
influenced by temperature. Temperature always act as a controlling
factor, and may at certain levels act as a directive or lethal factpr
for fish (Fry, 1967).

Temperature affects the Michaelis-Menten constant; Km (a substrate
concentration for enzy@e at which the velocity of reaction is half
maximal), but the relationship between temperature and Km is quite
complex. In general, over an upper temperature range, the Km varies
directly with temperature; at lower thermal extremes the effects of
temperature are often reversed (Somero, 1969; Fry and Hochachka, 1970).

Brain ChE activity of killifish (Fundulus heteroclitus) varies inversely

with tlic temperature of acclimation (Baslow and Nigrelli, 1964). Hazel
(1969) however, reported that the specific activity of ChE in brains

of goldlish (Carassius auratus) and killifish (Fundulus heteroclitus)

acclinaced to 25 € was significantly higher than in fish acclimated to
5 €. Increase in ChE activity with environmental temperature is also

observed in brain tissue of bluegills (Lepomis macrochirus) (Hogan,

1970).

A rapid increase in temperature imposes a stress on fish which
is ecxhibited by hyperglycemia, hypocholesterolemia, increased blood
hewmoglobin and decreased interrenal ascorbic acid (Wedemeyer, 1969;
1973). Acute and moderate thermal shock in rainbow trout (Salmo
gaivdneri) is accompanied by decreases in plasma sodium and chloride
levels, a decrease in tissue water, and an increase in extracellular

[1uid (Reaves et al. 1968).



A temperature rise in an aquatic environment will cause the rates
of many biological processes in fish including swimming activity (Brett,
et al. 1958), digestion (Hathaway, 1927) and respiration (Hughes and
Roberts, 1970) to increase. The term Q10 is a factor by which the ‘
reaction rate is increased by a temperature increase of 10 C (Warren,
1971). 1In general, Q10 values associated with physical processes, such
as diffusion or conductivity, and those associated with photochemical
reactions are less than 1.5, while Q10 for thermochemical (enzymatic)
reactions range from 2 to 3 but can vary widelbiecause the Q10 will
depend on the thermal history and normal temperature range of a fish
{(Hoar, 1975).

With increases in temperature, toxicities of some substances are
increased and the resistance to disease in fish is jowered (Jones,

1964) . Toxicity of insecticides to fish is generally thought to be

greater at higher temperatures. Macek gg_gi.(l969) studied the effects

of temperature on the susceptibility of bluegills (Lepomis macrochirus)

and rainbow trout (Salmo gairdneri) to selected pesticides. They found

an increase in the susceptibility of fish ;o most pesticides tested as
temperature increased. They suggested tﬁgt a probable mechanism involved
is a higher rate of pesticide uptake at the higher temperature than at
lower temperature by an indirect effect of temperature on metabolism.
Increased temperature may also dccrease toxicity of some pesticides to
fish »s observed with DDT and methoxychlor, chlorinated hydrocarbon
{nsocr jcides, but the mechanism involved is still not clear (Johnson,
19635 Macek ct al. 1969). Increasing temperature can accelerate not

only the prnetration and harmful actton of insecticides but also




adaptive responses, including their elimination from the body (Wilber,
1969).

Temperature can also affect the metabolic processes of OP insec-
ticides including biotransformation or activation by MFO enzyme system
in fish liver (Chambers and Yarbrough, 1976). The increased suscep—
tibility of fish to a pesticide could be related to an increased level
of enzymatic activity at higher temperature than at lower temperature.
Macek ct al.(1969) suggested that the observed increase in the suscep-
tibility of rainbow trout to Dursban, a phosphorothioate OP insecticide,
as temperature increases is apparently related to an increase in the
activation process of Dursban to its phosphate analog which is more

Luxic.

Sites of action of OP insecticides in fish

The target sites of action for OP insecticide acute lethal intoxi-
cation in marmals are well understood (Koelle and Gilman, 1949; Holmstedt,
1959; Koelle, 1970b). The cause of death in mammals is primarily res-
piratory failure, usually accompanied by a secondary effect on the
cardiovascular system (Koelle, 1970b) . Respiratory failure is caused
by peripheral paralysis of the diaphragm owing to the blockage of
neuromuscular transmissior and by a disturbance of the regpiratory
center in the medulla oblongata of the brain resulting in hypoxia
(Koelle, 1970). 1In poikilotherms, cspecially fish, the target organs
aud ites of action of OP insecticides are still not known.

O .rdiovoseular and respiratory systems of fish are controlled by
thi cor el d reripheral nervous systems as in other vertebrates

fCa he i, 105 Randall, 1970). The pacemaker of the fish heart {is
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pormally located in the sinus venosus or at the junctional area between
the sinus venosus and the atrium and is 1nnervafed by the cardiac branches
of the vagus nerve (Randall, 1966). It was suggested that the vagal
inhibitory effect on fish heart was essentially the same as that on

the amphibian and mammalian hearts, and that the cardio-inhibitory

effect is mediated by an cholinergic innervation (Cobb and Santer, 1973;
Saito, 1973). ACh at low concentrations is reported to reduce the heart

rate of the cel (Anguilla japonica) and the ecffect is abolished by

atropi.e, a cholinergic blocking agent. The inhibition of ChE in the
neart muscle by OP insecticides has been reported in mammals (Holmstedt,
1959; Sharma et al. 1973) but no data are available on the inhibition
of ChE in fish heart muscle.

The heart must be supplied with sufficient oxygen and meéabolic
fuels to replace continuously the energy expended both as useful work
and as energy lost because the heart is less than perfectly efficient
as a pump (Nasser, 1970). The placement of the teleost heart far down-
st-cax of a single-loop circulation presents a problem of oxygen supply.
Two scurces of oxygen are available to it: a high volume, low concen-
tration supply of venous blood going throu;h the lumen; and a low volume,
nigh-cuncentration arterial blood diverted from-the dorsal aorta to the
heart through the coronary arteries (Cameron, 1975). Myocardial
ischemic conditions may occur whencever the coronary blood flow is in-
cuf{ficient in relation to oxygen requirement of the myocardium. The
small quantity of oxygen contained within a given mass of water compared
with rhe same mass of air clearly imposes a limit on the range of

respiratory homcostasis in fish and thercefore fish are in a greater dange:
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of hypoxia than land vertebrates (Satchell, 1971).

ChE activity in whole or fraction of human blood has been routinely
used for a number of years as an indicator of exposure to anti-ChE agents
(Gage, 1967). Significant inhibition of ChE activity within either plasma
or red blood cells indicates exposure to an inhibitor of CﬁE (Witte;,
1963; Wills, 1972). The preparation and purification of ChE in serum

and erythrocyte of carp (Cyprinus carpio) and its chemical properties

are reported by Kuwabara and Hayama (1961) and the inhibition of ChE
in both serum and erythrocyte by OP insecticides is reported by Hayama
and Kuwabara (1962). Investigation of the ChE characteristic in the
blood to assess some of the effect of OP insecticides in other fish

species is also reported in chamnel catfish (Ictalurus punctatus)

(Hogan, 1977). Serum ChE activity of rainbow trout (Salmo gairdneri)

is found to be more sensitive than brain ChE activity as an indicator
of sublethal poisoning by fenitrothion, an OP insecticide (Lockhart
et al. 1973).

Since the respiratory and circulatory systems of fish are intimately
related, investigations on the effcct of OP insecticides on physiological
function of fish gills could provide usefui'information. The gills of
freshwater teleosts function as the primary site for the active transport
of ions or nmaterials from the external media and for the respiratory
S otuauge ve yises. Therefore, any substances that interfere with gill
functions will arffect the homcostatic condition of the fish‘body. Gill
functions in fish are underneural control and are regulated by autonomic
nerve fiberé in the gill (Campbell, 1970). The effects of cholinergic
and ad-energic drugs on gill function and histological studies demonstrate

~f mavvaandinoe an the nillar cells and filamental vessels
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of the gills (Ostlund and Fange, 1962; Rankin and Maetz, 1971; Randall
et al. 1972). It is suggested that fish regulate vascular resistance

as in higher vertebrates (Satchell, 1971) and ACh increases filamental
sinus blood flow while epineprine increases secondary lamella blopd

flow (Richards and Fromm, 1969). The functional surface area of rainbow
trout gills can be regulated by changing perfusion pathway of the Elood
flow and ACh decreases the functional gill surface area and increases
the overall branchial vascular resistance (Bergman et al. 1974).

Several insecticides, including OP, decrease the rate of fluid flow

through isolated perfused rainbow trout gills which indicates that

resistance to fluid flow through gills is jncreased (Fromm et g;; 1971).

OP insecticides used in the study

Fenitrothion (O,O-dimethyl—O—(3-methyl—h-nitrophenylrV§ho§§horo-
thioate) an indirect ChE jnhibitor, is a broad spectrum OP‘iﬁsecticide
uced cxtensively throughout the world for control of agricultural and
forest pests (NRCC, 1975). 1t has low toxicity to mammals and has been
voed as a replaccement for DDT in Canadian forests to control the spruce
badaorm since 1969 (NRCC, 1975). In Canada, annual spray operations at
the Josage of 2-4 ounces/acre range have involved millions of acres of
forest (NRCC, 1975). Aerial spraying of fenitrothion causes the aquati
environment, existing within the forests, to be contaminated at levels
which produce lethal and sub-lethal effects to fish specles (NRCC, 1975
Fish wortalities, in and adjacent to areas after aerial spray of
- -ni-rothion, have been reported (Hatfield and Riche, 1970; Kingsbury,
1073 Cotd and Tétreault, 1973). Duotermination of ChE activity in the

ir. of arlantic salmon parr (5almo salar) (Zitko et al. 1970) and in

—




whole body of atlantic salmon fry (Wildish et al. 1971) exposed to
krown roncertrations of fenitrothion established that this compound in-
hibited ChL in fish. Klaverkamp et al. (1975) studied the acute lethality
of feritrothion to rainbow trout fingerlings and reported the 24 hr
LC50 as 3.8 - 4.6 mg/L. Zitko and Cunningham (1975) reported the toxicity
of fenitrotiiion to juvenile Atlantic salmon (§§lgg_§§l3£) at 47 énd 92
heur periods of 2.50 and 1.25 mg/L respectively. Other investigators
reported the LCSO values in various fish species in the range between
2.0 mg/L at 24 hours of exposure to 1.0 mg/L for 96 hours of exposure
(Sprague, 1966; Bull, 1971; Hatfield and Anderson, 1972).

Many investigators have reported behavioural and activity changes
in various species of fishes exposed to or fed with fenitrothion at
sublethal concentrations. Learning ability to atlantic salmon parr’
(Salmo salar) is completely inhibited after 24-hour exposure to fenitro-
thion at 1.0 mg/L (Hatfield and Johansen, 1972) and the parr are more
vulnerable than before exposure to predation by large brook trout

(Salvelinus foantinalis) (Hatfield and Anderson, 1972). The suppression

of hicrarchical behaviour is reported in brook trout when fed with 10 mg
fenitrothion/gm of food (Wildish and tistgr, 1973) . Swimming speed of
brock trout is decreased when fish are eibosed to fenitrothion at concen-
trations of 0.5 to 1.5 mg/L (Peterson, 1974). Feeding behaviour of coho

salmon (Oncorhynchus kitsutch) is depressed and fish are unable to mainta

position .. r 7 hour of exposure to 0.75 m2/L fenitrothion (Bull and
MeInerney, 1974). Most of these investigators have suggested various
patterns of behavioural changes to indicate physiological impalrment

in Ui hes exposcd to sublethal levels of fenitrothion. llowever, they

caunut ideatify the specifie behavioural parameters, which are sensitive
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indicators of fenitrothion and other OP insecticides, but believe that
the physiological impairments are related to éhE inhibition.

Acephate (0-S-dimethyl acetylphosphoramidothioate), a direct ChE
inhibitor, is a relatively new OP insecticide and has been tested in the
laboratory as a potential insecticide against forest pests in Canada
(Nigam and Hopewell, 1973). Acephate is a very promising systemic in-
secticide and is the N-acetyl derivative of the OP insecticide,
metamidophos. The N-acetyl results in a decrease in mammalian toxicity
(Eto, 1974). Accphate showed effectiveness equal to fenitrothion for
control of spruce budworm larvae and it was therefore recommended for
aerial spray trials againét budworms in 1974 (Hopewell and Nigam, 1974).
It has lower acute lethal toxicity than fenitrothion to mammals, birds
and fich /ehavron Co., 1973). ‘;

Only a few studies have been conducted on acephate toxicity in
fish. The acute lethality of acephate to various species of fish for
96 hours ranges from 1,700 to 9,500 mg/L (Chevron Co., 1973). The
24 hr LCq of acephate to rainbow trout fingerlings is 900-1050 mg/L
(Klaverkamp ct al. 1975). No data are available on the effect of
accephate on ChE inhibition in fish. '

The chemical structures of acephate and fenitrothion are shown

in Figure 1.

Statemont of the problem and objectives of the study

Fenitrothion, a lipid-soluble OP insecticide and an indirect ChE
inhibiter, and ccephate, a water-soluble OF jnsecticide and a direct ChE
iahibitor are heing used euwtensively in Canada and In other countries

for coorvoabling wricultural and forest pests. It is evident that the
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Figure 1.

Chemical structures of acephate and fenitrothion.
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aquatic environment is contaminated from the application of both in-
secticides which in turn produce effects on fish species.

There are large temperature changes in the aquatic environment
within Canada and other countries. These changes in temperature may,
in turn, influence the toxicity of OP insecticides to fish. There are
very few data, if any, on the effects of environmental factors, especially
temperature, on the toxicity of fenitrothion and acephate to fish.

One of the purposes of this study was to investigate the effects
of temperature stress on the toxicity of fenitrothion and acephate and
on ChE inhibition in brain and skeletal muscle in rainbow trout (Salmo
gairdneri).

The rates of insecticide absorption, distribution, metabolism and
excretion in fish are dependent on temperature. The effects df temperatur
stress on toxicity of indirect ChE inhibitors (ie. fenitrothion) should be
more complicated than that of direct ChE inhibitors (ie. acephate)
since at least two or more enzyme reactions are involved, ie. the activati
process by liver enzyme systems and reaction with target enzyme (ChE).
Therefore, the rate of toxicity of fenitrothion is expected to be more
dependent on temperature than acephate.

The sites of action of OP insecticides in mammals are well under-
stood, however, the physiological target sites in fish are still unknown.
Host physiological studies on the cffect of OP insecticides on fish have
investigated Cht Inhibition in brain and skeletal muscle since these
apit Lo be the target organs in mammals., Very few Investigations
oo cen dicocbed toward broadening the basic understanding of the
Cooo o Hibition by OP insecticide in different fish tlssues.

Snotber purpose of this study was to investigate the physiolougical
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target sites of action of fenitrothion and acephate in rainbow trout by'
observing the responses of heart rate, regpiration rate and amplitude
and cough frequency; and the ChE inhibition in various tissues of the
cardiovascular/respiratory systems; and changes in serum electrolyte
concentrations.

Since it appears that the cardiovascular and respiratory systems
of fish are affected by substances that cause ChE inhibition in the
nervous system, investigation of physiological responses and ChE in-
hibition in various tissues of both systems may help to identify the
sitres of action of OP insecticides.

This study may provide more useful information on the effecté of
terperature on OP insecticide toxicity and on the sites of action that
produce toxicity in fish of two types of OP insecticide; lipid-soluble
and indirect ChE inhibitor represented by fenitrothion,vand water-soluble
and direct ChE inhibitor represented by acephate. This information is
nceded for the development of OP insecticide pollution control and

monitoring programs for protecting aquatic life.




MATERIALS AND METHODS



1. Effects of temperature on acute lethality and ChE inhibition

1.1 Fish holding and feeding conditions

Fish used in this study were rainbov trout (Salmo gairdneri)
fingerlings of either sex with a mean weight of 8.85 grams (range,

4.90 - 15.40; standard deviation, 2.30) and a mean length of 8.64
centimeters (range, 7.20 - 11.00; standard deviation, 1.21). They were
furnished by The Balmoral Hatchery, Department of the Environment,
Manitcba. The fish were transported from the hatchery and were held

at 100C in the wet lab at the Freshwater Institute, Winnipeg, Manitoba
until required for the experiment.

Fish werc rransferred from the wet lab to the acclimation room
and were held at 15°C in a 200 liter fiberglass holding tank that
received 1 continuous flow of dechlorinated Winnipeg City tap water
(hardnoss as CaC03=90 mg /L, conductivity = 190 pmho/cm, pH = 8.0) at
the ratc of 6 liters per minute. Dechlorination was accomplished by
passing tap water through an electronic water sterilizer (Armstrong
and Scutt, 1974) using ultraviolet lamps (Aquafine Sterilizer Model cSL-8,
Aquaiine Corporation, U.S.A.).

‘The centor of cach tank was cquipped with two standpipcs, con-
centrically placed (outer standpipe open at the bottom, inner gtandpipe
open at the top), allowing the feccs which accumulated on the bottom to
flow through the standpipe systcm tO the drain;

Water in the tank was continuously aerated through an alr stone.
Water Lemperature in the tank was maintained constant at lSOC, which

(o) .
varied Less then ¢, by a temperature control unit cquipped in the taonk
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as described by Harrison et al.(1975). Holding tanks were illuminated
with fluorescent lights, which were electrically switched on and
off with a timer to keep a photoperiod cycle of 12 hours day-light
and 12 hours darkness.

The fish were fed once daily on a diet of dry pellet trout food
(EWOS No. 3 granule Trout Starter, Astra Chemical Ltd., Ontario, Canada)
at the rate of 0.26 gm of food per day per fish or about 3 percent of
body weight. Fish were maintained in very good health on this diet and
no signiiicant mortality occurred. Feeding was stopped 48 hours before
starting the experiment. The fish were allowed to acclimate to these

holding conditions for at least 3 weeks prior to use in the study.

1.2 Experimental conditions

1.2.1 Test vessels: The test vessels were circular poly-

ethylene tanks, 23 c¢m in diameter and 20 liters in volume. Eleven test
vessels were placed in a temperature controlled water bath (Harrison

et al. 1975). Clean plastic bags were placed in the test vessels at the
start nf cach experiment, to prevent residual contamination of the test
vessels between experiments and, when secured at the top, to prevent

fish from jumping out of the test vessels. ﬁlastic bags were discarded
after cach experiment. The test vessels were rinsed with dilution

water for 24 hours before fish were introduced to the test vessels.

Dilution water was from the same source of water that supplied the

holding tonks. Water in each test vessel was acrated through an air
o
Loz :”UI-UFSQCLE;HEL;lfILYEEX_EX“t“m: A modified Mount

cbnn s (Y prepertional dilutisn apparatus which delivered ten



insecticide concentrations and dilution water control to eleven test
vessels was constructed and used in the experimeﬁt (Harrison gﬁ{gl.
1975). The mixture between dilution water and insecticide from stock
solution produced the highest insecticide concentration and the re-
maining concentrations were produced by 75 percent dilution of
succassive concentrations with dilution water. The insecticide
delivery apparatus supplied 250 ml of insecticide solution to each
vessel at cach cycle. The cycle time for each delivery was 4 minutes

which provided 95 percent replacement time in 17 hours (Sprague, 1969).

1.2.3 Stock solutions preparation: Prior to each ex-

periment, a fresh stock solution of insecticide was prepared at the desir
concentration to provide accurate and sufficient amount of insecticide

to the insecticide delivery apparatus during the period of the experiment

1.2.3.1 Acephate stock gsolution: Technical grade acephate

(Orthene, 92 percent soluble powder, Chevron Chemical Company) was
dissolved in water (the solubility was approximately 65 percent) to maké
up the stock solution that provided the highest concentration of acephat
to the test vessel at 4,000 mg/L and 75 percent dilution series of
successive concentrations at 3,000, 2,250, 1,690, 1,265, 950, 710, 535,
400 and 300 mg/L respectively and also a dilution water to the control
test vessel. From preliminary study, this range of concentrations was
found to produce 100 percent mortality in the high concentrations and
partial mortality and no mortality to fish in the lower concentrations.
This range of concentrations was selected to test the effect of acephat
on rainbow trout fingerlings in all experiments at different test

temperatures.




1.2.3.2. Fenitrothion stock solution: Technical grade

fenitrothion (Sumithion, 97 percent emulsifiable concentrate, Sumitomo
Chemical Company) was dissolved in propylene glycol to provide fenitro-
thion to the test vessel at the highest concentration of 10.0 mg/L. By
diluting this stock solution with various quantities of dilution wager,
the diluter delivered fenitrothion to the test vessels in a series of
concentrations from 10.0, 7.5, 5.6, 4.2, 3.2, 2.4, 1.8, 1.3, 1.0 and N
0.75 mg/L vuspectively and dilution water to a control test vessel. This
range of concentrations was used in all fenitrothion experiments at
different test temperatures.

Stock solutions of both insecticides for all experiments were
prepared from the same source of technical grade materials using the
same method of preparation. Stock solution for each experiment was
prepared in the morning prior to beginning the experiment in a glass
container and covered with aluminum foil and kept stirred with magnetic
stirrer to ensure homogeneous solution. At the beginning of each ex~
beriment a proper amount of stock solution was added to each test

vessel to make the desired concentrations.

1.3  Experimental procedures

To determine the effects of temperature stress on the acute lethality
of acephate and fenitrothion and on ChE inhibition in rainbow trout finger-

lings, a series of experiments was designed using the following procedures.

1.3.1. Acute lethality studies. Rainbow trout fingerlings
which wore acclimated for 3 weeks in the holding tank to 15°C were

tested with cach insecticide at 3 test temperatures at 8, 15 and'22°C.
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Test temperatures at 8°¢c and 220C were defined as cold and heat stresses
respectively.

Experiments with each insecticide at éach test temperature were
done in duplicate except the acephate experiment at 15°C, so that a total
of 20 fingerlings were tested at each insecticide concentration at eaeh
temperature. All data from each insecticide at each temperature were pooled
for statistical analysis.

In cach experiment, 110 rainbow trout fingerlings of either sex
were equally distributed in a random manner into 11 test vessels (10 fish
per vessel) containing dilution water at the desired test temperature.
Fish were held in the test vessels at the test temperature for 48 hours
before the beginning of the experiment. All tests were run for a- 96 hour
period by starting the test on Monday morning and running continu;usly
urtil Friday morning. Feeding was withheld after the fish were put in the
test vessels and during the experiment,

Treated fish in each test vessel were checked for mortality at half
hour intervals for the first six hours and hourly intervals up to twelve
hours ond at 14, 16, 18, 24, 30, 36, 48, 60, 72, 84 and 96 hours. Criteria
fer deoth were the cessation of respiration and lack of response to any
tactile stimuli. Dead fish were removed from test vessels and time of
death, weight and length of each fish were recorded. Brain and skeletal
muscle sanples from cach fish were excised and frozen using dry ice for
ChE analysis. At the end of the 96 hour perioa, all fish that survived
in each test vesscl were sacrificed aﬁd weight and length were recorded.
Rrain and skeletal muscle samples were also cxcised from these fish and
frozen for ChE analysis studies.

Cor chemistry characteristics of test water in cach test vessel
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Dissolved oxygen and temperature were measured with a meter (Yellow
Spring Instrument Co. Inc., Model 54) and pH with a pH meter

(Radiometer Co. Model 29B). Water samples from each test vessel were
collected at 48 hour periods for analysis of imsecticide concentrations.,
Analyses were done by the Chemistry Laboratory of the Freshwater
Institute, Winnipeg, using gas chromatographic procedures (Grift and
Lockhare, 1974; Anon., 1973).

Median lethal concentration (LCSO’ the concentration of insecticide
that produced 50 percent mortality at a definite time period) and con-
fidence intervals were calculated at 24, 48 and 96 hour periods for
each experiment by using the probit analysis method of Finney (1971).
The prediction of LC50 value and its 95 percent confidence interval
was based on the conversion of the concentrations tested and the cor-
responding observed percent mortalities to logs and probits, respectively,
and the subsequent mathematical calculation of a linear regression
equation. Comparison of the LC50 value for each temperature was
done by an analysis of variance (p < 0.05).

dedian survival time (MST, time requircd to produce 50 percent
nmoctality for each concentration of insecticiée) and 95 percent con-.
fidence intervals for each test were calculated according to the method
of Litehficld (1949). A nortality curve for ecach temperature was con-
errusro Lo soen 1ag median survival time (MST) and log concentration;
the slope, the y-interception and correlation coefficient (r) were
calculated by using regression analysis. Comparison of slope for each
mortality curve was dono by an analysis of covariance (p < 0.05)

(Sncdecor aad Cochran, 1967).

-
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Rate of mortality (the reciprocal of the median survival -
time, 1/MST), a rate expression of toxicity (Macleod and Pessah, 1973;
Hodson and Sprague, 1975) for acephate and fenitrothion in each concen-

tration was calculated at cach range of temperature changes. there-

Qlol
fova, wos ralculated to express the ratio of increase of the relative

toxicity with an increase in temperature from the formula given by Hoar

(1975) as follows: ,

log Q10 _ 10(log k; - log kg)

1 2
where kl and k2 are rate of reactions which in this case are
the rate of mortality, at temperatures tl and tz respectively.i
1.3.2. ChE inhibition in brain and skeletal muscli: Brains

from dead fish exposed to insecticide in the acute lethality sfudies
were obtained by cutting off the top of the skull and snipping the brain
loose at the optic nerves and base of the medulla. Skeletal muscle
gamples were obtained from ecach fish from a lateral section below the
dor. .1 fin. Brain and skeletal muscle samples from control fish and
creoared survivers were obtained immediately after the 96 hour test period
Afcor weighing, all samples were frozen using dry ice. Frozen brain and
muscele samples from each test concentration were placed in individual
plastic bags, 1abelled and stored at -20°C until required for analysis
of ChE activicics. Experiments using fresh and stored tissues showed that
froczing did not significantly affect ChE activity if the analysis was
perfor..d within two months (Klaverkamp et al. 1976) .

arain and skeletal muscle samples from dead and surviving fish aft

st + e mwnasnes ot oach concentration and temperature were pooled for
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analysis of Chﬁ activity. Duplicate analyses were determined for ChE
activity for both tissues, Means and standard errors of 4 values
obtained from duplicated analyses of pooled samples from 2 replicated
experiments were calculated and plotted against insecticide concentrations,
ChE activities of brains and skeletal muscles were determined by usiné
a pH stat method with an automatic titrator (Radiometer Co.) coupled
to a circulating temperature controlled water-jacket ag described by
Coppage (1971) and Pickering and Pickering (1971). Homogenates of
brains or skeletal muscles were prepared in a physiological saline
solution (Wolf, 1963), using a Williams Polytron homogenizer. The
millimolar (mM) composition of the modified Cortlands saline solution
was: NaCl 139.4, KC1 5.1, CaCl2 1.2 and MgSO4 0.9. ChE activities of
both brain and skeletal muscle samples were determined at 15°C at end
point of pH 8,0 using a final homogenate concentration of 1 Qg/ml with
10 mH1 acetylcholine bromide (AChBr) as the substrate and 0.002 N NaOH
as the titrant.

Chil activity was expressed as micro moles of acetylcholine hydrolyzed
per milligram of protein per hour (jmoles ACh hydrolyzed/mg protein/hr)
and also as percent of control value, Protein determinations of samples
for ChE analysis were conducted on aliquoté ol the homogenates using a

medification of the Lowry ct al. (1951) mecthod.

2. Cardiovasculnr/rns>irnc0rv responses and ChE inhibition
S 2 AL/ TPSPITALOLY respor

To provide more understanding on the mechanisms and sites of action
invelvad in the toxicity of op insecticides in fish, studies were conducted
on the e Tocts of acephara and fenitrothion on biochemical and physiolegical

Pirameters of the cardiovascular, resniratory and central nervous systems
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2.1 TFish holding and feeding conditioms °

Fish used in this study were 66 adult rainbow trout (Salmo
gairdneri) of either sex with a mean weight of 514 grams (range,
280-750; S.D. * 125) and a mean length of 34.7 centimeters (range,

30.0 - 39.0; S.D. *2.5). They were from the same source as the finger-
lings used in acute lethality studies. These fish were held in a
522-1iter fiber glass holding tank and received a continuous flow

of thiosulphate-dechlorinated Winnipeg City tap water (1 to 5 mg/L)

at 10°C for at least 1 month prior to use in the study. These fish were
fed once daily with dry pellet trout food (EWOS No. 7P, Brood stock
food) at the réte of 5.1 gm/day/fish or about 1 percent of body weight.

Fish were not fed 24 hours before and during the experiment.

2.2 Experimental conditions

2.2.1 Restraining chambers: &4 plexiglass restraining

chambers modified from Smith and Bell (1967) were used. The chambers
were constructed of 0.6 centimeter green. acrylic sheeting (50 x 15 x 14
centimeters) and each chamber was equipped with movable partitions to
restrain the fish. These partitions did not restrict breathing of the
fish or movement of the paired fins but preveﬁfed swimming in any
direction and turning. These chambers were placed in a controlled
temperature water bath at 10 + 1°c. Overflow water ran through inverted
Y-tubes at the back of each chamber which kept the volume of water
constant at 8 liters. Dissolved oxygen was maintained at near saturation
jevel in each chamber by the use of an air stone. The test chamber and

water bath were covered with dark curtains.
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2.2.2. Insecticide delivery system: A 4-channel insecticide

system modified from Harrison et al. (1975) was constructed. Three
test chambers received the same inseéticide concentration and the fourth
chamber received only dilution water at the flow rate of 0.5 liter per
minute which provided 99 percent replaccment time of 1.2 hours in each
chamber (Sprague, 1969).

The concentration of acephate and fenitrothion selected for testing
were 2,000 mg/L and 2.0 mg/L which are approximately the 48 hour LC50
values obtained from the acute lethality studies in fingerlings. Stock

solution for all experiments for both acephate and fenitrothion were

prepared in the same manner as in acute lethality studies.

2.3 Experimental procedures

Experiments were designed to test the effects of each insecticide
on rainbow trout at one concentration but different durations of expasures
ie. 1, 3, 6, 12, 24 and 48 hours. 1In each experiment 3 treated fish and
a control were tested for each exposure period. The responses of cardio-
vascular, respiratory, serum electrolyte concentrations and ChE inhibition
in various tissues were measured. To obtain additional control data, 2
additional fish exposed to dilution water onliﬁwere tested, and the

responses were meacured as the same as the above control fish.

2.3.1. Cardiovascular and respiratory responses: All ex-

periments began between 9 to 10 AM and cach fish was anesthetized with
0.33 ml of 2-phenoxyethanol (Sigma Chemical Co.) per liter of dilution
water for approximately 10 minutes at 10°C. After anesthetization, the
weight and length were measured and the fish was transferred to én

operation table for cannulation and surgical procedures. Anesthetization
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was maintained during the surgical procedures by irrigation of the
gills with aerated dilution water containing 0.33 ml of 2-phenoxyethanol/L
at 10°C.

A buccal cannula consisting of polyethylene tubing (Clay Adams,
Intramedic PE 60) was inserted through the snout to obtain buccal
respiratory rate and amplitude as described by Saunders (1961).

Cycles of buccal pressure change were used as a measure of ventilation
rate. Coughing responses were also recognized from the changes in the
respiratory trace response (Schaumberg et al. 1967).

To obtain electrocardiogram (ECG) data, a set of 3 electrodes
(Hewlett Packard model 14060 K) were used and inserted under the skin of
the fish. The first electrode, recording electrode, was inserted .
midventrally slightly anterior to the pectoral fins and close to t;e
heart. The second electrode, reference electrode, was inserﬁed‘mid—
ventrally at the abdomen just anterior to the pelvic fins. The third
electrode, grounding eléctrode, was placed at the side above the lateral

line and below the dorsal fin. All 3 electrodes were sutured in place

with polyethylene suture.

Blood samples were obtained from a cannula implanted in the dorsal
aorta (Smith and Bell, 1964). The blocod catheter (30 centimeters in
length) consisting of polyethylene tubing (Clay Adams, Intramedic PE 50)
was introduced into the aorta between the fourth gill archs by passing
it through a 17 gauge thinwall hypodermic needle. The needle then was
removed leaving the cannula inside the blood vessel. Heparinized saline
was used in this preparation to prevent blood clotting by mixing modified
Cortland saline (Wolf, 1963) with heparin (Sigma Chemical Co.) at 50 units
per ml. The dorsal cannula was sewn to the roof of the mouth and passed

through the snout.
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These procedures, required approximately 15 minutes for each fish
after which they were placed in the restraining chamber at 10°C for
recovery. Catheters and electrode cables were vented through the chamber
top and connected to the recorders.

A physiological recorder (Hewlett Packard model 7754A) was used to
record the electrocardiogram (ECG) as well as the respiratory responses.
ECG wave forms were obtained by connecting electrodes to a patient cable
(HP mﬁdel 14067 E) which attached to a bioelectric amplifier (HP model
8811 A). The respiratory responses were recorded by attaching the
respiratory catheters to a pressure transducer (HP model 1280 C) in
series with a pressure amplifier (HP model 8805 C).

Buccal respiratory traces, as well as ECGC data were observed °
immediately after the fish were placed in the chambers. The fish were
allowed to recover for 48 hours from the surgical implantation of ECG
electrodes and cannulae before they wére exposed to an insectiqide.
Breathing and heart rates and other parameters from each fish were
monitored at time intervals from 48 hours until 0 hours before exposure
to establish baseline conditions. ECG and respiratory responses of treated
and control fish were observed every half hourxAuring the first 6 hours
of exposure and hourly until the 12 hour period and then at 24, 36 and
48 hours.

Mean values and 95 percent confidence intervals were calculated
for heart rates, respiration rates, buccal amplitudes and coughing rates
for each experimental group. For each observation period, the mean
values for each group of fish were compared with that of control groups

using the Students t-test at the significant level of p < 0.05,
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2.3.2. ChE inhibition in fish tissues: At the end of each

experiment blood samples were Qithdrawn from the dorsal aorta cannulation
tubing with a syringe, centrifuged and serum was separated and sealed

in glass vacutainers. Red blood cell and serum samples were kept

frozen until required for the analysis of ChE activity. ChE analyses

of red blood cell and serum were done by the method modified from

Aldrich et al. (1969) and Wills (1972).

After blood samples were taken, fish were killed and brain, heart,
gill and skeletal muscle samples were also excised from each fish,
weighed and stored at -20°C until required for ChE analyses. Brain
and skeletal muscle samplés were prepared as described in the acute
lethality experiment. Heart samples were taken by cutting off thgi
bulbus arteriosus and lifting the heart out from the pericardium. Heart
homogenates were prepared in the same manner as the skeletal nuscle
samples. Gill samples were taken by cutting off the first, second, third
and fourth gills and washing them with saline solution. No attempt was
made to flush the blood that was left in the gill arches and filaments.
Cill homogenates were prepared in the same manner as the other tissues.

The pli stat method as described in the pf;vious experiment was used
for all ChE analyses. The ChE analysis conditions are summarized in
Table 1. The Lowry et al. (1951) method was used for protein determination
of samples. The ChE activity was expressed as micro moles of acetyl-
choline hydrolyzed per milligram of protein per hour and also as the
percent of cpntrol value. ChE analyses were done in duplicate. Mean
values and standard errors of ChE activity for brain, gill, heart, red
blood cell, serum and skeletal muscle were calculated for each ex-

perimental group.
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2.3.3. Determination of serum electrolytes: To obtain in-

formaﬁion on the effects of these OP insecticides on osmoregulation,
serum electrolyte concentrations were determined, After blood samples
from the dorsal aorta were centrifuged, serum samples were kept frozen
until required.

The analyses of Na+, K+, Ca++ and Mg++ were determined by using
an atomic absorption spectrophotometer (Varian Techtron, Model AAS5);
1~ was determined by the microtitration method of Schales and Schales
(Wolf et al. 1972). All analyses were done by Freshwater Institute
Analytical Chemistry Unit, Department of the Epvironment, Winnipeg.
The concentration of serum electrolytes were expressed as milli-
equivalents per liter (mEq/L) and the mean values and standard erré?s
were calculated for each group of fish. For each exposure period,vfhe
mean values for each group of fish were compared with that of control

groups using the students t-test at the significant level of p < 0.05.




¥

RESULTS
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1, Effects of temperature on acute lethality and ChE inhibition

1.1. Acute lethality studies

The median lethal concentration values (LCSO) and 95 percent confidence
intervals for acephate and fenitrothion to rainbow trout fingerlings
at 3 test temperatures are presented in Table 2. The 24, 48 and 96 hour
LCSO values are expressed as milligram of active ingredient of in-
secticide per liter (mg/L) according to the analytical results. Size
of tested fish and physical characteristics of test water are also
presented. From these results, it can be seen that the LC50 values
of acephate to rainbow trout fingerlings are approximately 600 to.1000
times greater than the LC50 values of fenitrothion at a given
temperature.

Temperature affected the acute lethality of acephate and fenitro-
thion, especially at the 24 hour period. The 24 hour LC.. of 1875 mg/L

50
for acephate at 22°¢C is significantly different (p < 0.05) from 3162

and 2893 mg/L at 8° and 15°¢C respectively. Test temperature did not

affect the 48 hour LC50 of acephate, which ranged from 1451, 1602

and 1436 mg/L at 8°, 15° and 22°C respectively and the 96 hour LCq
which ranged from 724, 852 and 796 mg/L at 80, 15° and 22% respectively.
In fenitrothion experiments, the 24 hour LC50 in all 3 test temperatures
are different with a variation from 4.32 mg/L to 2.74 mg/L and 1.94 mg/L
at 8°, 15° and 22°C respectively. The 48 hour LC,, at 3°C of 2.37

mg/L is also higher than 1.67 and 1.72 mg/L at 15° and 22% respectively.

There is, however, no significant difference (p < 0.05) for 96 hour

LC50 values in fenitrothion experiments which range from 1.34, 1.44 and
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1.39 mg/L at 80, 15° and 22°C, respectively. Figure 2 summarizes
the difference in LC50 values of acephate and fenitrothion at each
time period and temperature.

Median survival times (MST) with 95 percent confidence intervals
of fish exposed to acephate and fenitrothion at 3 test temperatures
are presented in Table 3. Temperature does not have much affect on the
MST,which ranges between 18.28, 23.26 and 17.18 hours at 80, 15° and
22°%¢ respectively at 4000 mg/L of acephate, the highest concentration
tested. The same trend in results, where MST values at lSOC are the
highest and MST at 22°C are the lowest, is also observed in lower
concentrations of acephate. Temperature showed much more effect on MST
values in fish exposed to fenitrothion where MST is decreased as the
temperature increases. The MST of rainbow trout exposed to 10.0 mg/L
of fenitrothion decrcases from 12.13 to 4.06 and 1.22 hours at 80,
15° and 22°C respectively. The same pattern is also found at other
concentrations tested. In general, fish died faster at higher
temperatures than at lower temperaturc of the same concentration of
insecticide and this effect was more dramatic in fenitrothion ex-
periments. -

Rate of mortality and estimated Q10 values for acephate and
fenitrothion at each concentration for 2 temperature ranges, 8° to 15°
and 15° to 22°C, are presented in Table 4. The estimated Q10 values for
acephate ranged between 0.68 to 2.02. These v;lues at the temperature
range of 8 to 15°C were lower in all cases than at temperature range
of 15o to 22°C for the same concentrations. The QlO for fenitrothion

ranged between 1.11 to 5.37. These values at the temperature range of
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Figure 2.

The 24-, 48- and 96-hours median lethal concentrations
(LCs50) as mg/L and 95 percent confidence intervals »
of acephate and fenitrothion to rainbow trout fingerlinge.
at 3 temperatures. Numbers within the histogram: indicate
test temperatures. o,
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8O to 150C were higher than Q10 values at the temperature range of 15o
to 22°C except at the highest concentration and at 4.2 mg/L.

Mortality curves for acephate and fenitrothion in rainbow trout
fingerlings at 3 test temperatures are constructed using log median
survival times and log concentrations (Figure 3 and 4 respectively).
Each point represents the median survival time in hours of fish at each
concentration and vertical bars represent 95 percent confidence in-
tervals. The regression lines are calculated and constructed through
these points and the slopes of each line are determined.

The slopes of acephate mortality curves are not changed signifi-
cantly (p < 0.05) with temperature and rangedvbetween -0.94, -0.97 and
-1.01 at SOC, 15°C and 22°C respectively. With fenitrothion, the%?lppes
of the mortality curves are changed significantly (p < 0.05) witﬁgan;‘-

creases from -0.88 at 8°C to -1.44 at 15°C and -2.04 at 22°¢C respectively.

1.2 ChE inhibition in brain and skeletal muscle

1.2.1. Acephate: Cholinesterase activity in brains and
skeletal muscles of dead rainbow trout‘fingerlings after exposure to
acephate in the acute lethality studies are presented in Table 5 and
ChE activity in brains and skeletal muscles of surviving fish after 96
hours cxposure to acephate are presented in Table 6. Brain enzyme
zctivity of dead fish after exposure tO acephate varied with concen-
trations and temperatures tested and ranged from 11 to 24% of control
ac 8%C, 17 to 43% at 15°C and 12 to 27% at 22°C. Enzyme activity in
skeletal muscle of dead fish ranged from 17 to 38% at 8°C, 19 to 47% at
15OC and 19 to 30% at 22°C. In general, the brain enzyme activity of dead

fish ranged between 10 to 30% of control except at 2 highest concentrations
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Figure 3.

Mortality curves of acephate to rainbow trout fingerlings
at 3 temperatures. FEach point represents median survival
time in hours. The vertical bars represent 95 percent
confidence intervals. The slopes of the best fitted
regression line through these points are also presented.
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e s s chel oS

Figure 4,

Mortality curves of fenitrothion to rainbow trout
fingerlings at 3 temperatures. Each point represents
median survival time in hours. The vertical bars .
represent 95 percent confidence intervals. The slopes
of the best fitted regression line through these
points are also presented.




(7/706w) NOILVHLINIONOD NOIHLOYLIN3A

ol 8 9 v 2 ol 8 9 b 2 ot 8 9 ¥ 2
1 1 [ 1 1 |ﬂ [l [i Py (] [l 1 1 ] [
Y 22 Jo Gl 20 8 ~
pb-1— = 3401S gg-0 - = 34018 - 2

z
m

. @

Y »
P

- 9
()

~ g W

_ <

O_M
v
.
4

~02%
m
=4

ek

Q9

~08

SHNOH 96  1N3IWIY3AdLX3 40 AN3

Tad — NOIH10¥WLlINGA _
S—— oo - e R T T T




48

0,CC

0,51

0,8

AR AA 6C°LC 12°1C 98°%2 96°92 0%°8T1 Tox3uoy %
¢8°¢-00°¢ T%°9-29°¢ YT h-8L°¢€ %9°9-Z€"Yy SL°G-GT°E e L-S1°2 ?3uey 056
08°0%68°¢ 66°T+29°Y 1270790 Y TT°TF16°¢C 0L T+%9°y T9°T+vE"Y *d°ST uBdR
CLTET BL°8T LO°6T €€ LT YT°LT 68701 Toa3uoy %
T1°¢-26°¢ TLE-TS° T 00°v-8€°¢ S 9-L0°€E 00°%-96°1 0T°€-69°1 23uey S9T°‘T
60°0%50°¢ ¢9°078T°€ LT70%59°¢ ¢LT0¥%8° ¢ €0 T%¥56°C 19°0%9S°¢ "3’ SF¥ueon
S8°TC 69°1T [AAN A [APRAS 6S5°€T L2781 Toajuo) ¥
T8°€-88°T 0%°¢-91°1 9€°9-00"% ¢S L-TY 2 T9°%-6€£°¢€ L8 Y=LY€ 23uey 069°T
{0°T+18°C BG0¥86°T ECTIFIC"S T6°2%66°Y T6°0%90"Y% 09°0%TC "% *d° Sy¥ueay
00°¢t 43Kt 6€°62 6L°87 91742 £€8°9T Toxauoy 7
S0°€-0S°¢ [AANA {20} 7 9-S%°¢ ST°6-59°¢€ th°6-86°¢ 06 °"%-0€°¢ s3uey 0sZ‘t
{2°0%€8°¢C 02°0%21°¢ E7°T+98°% 26°7+%8€°9 09°0%L9"Y ¢9°0%.6°¢€ *q° SFueay .
B8L°6C §9°GT AANA 09°2% ¢0°¢e 8. 81 Toxauo)y %
0%°%-6£°¢ 92°¢-86°1 CT°ET-6T°S ¢y GT-6S"¢ 86°€-€G°¢C 96 %-8T1"Y a3uey 000°¢
S% 0%€8°¢ ¢5°0%69°¢ 92°%%80°6 YL°9%%%°6 6T°0¥6L°¢€ 81 0¥EY Y A" SFuedy
S0°6T £ET1°LT 80 6€ 0e-6¢€ 6" LE T19°¢€C Toa3uo) ¥
19°¢-6C°¢C W6'e€-92°2 9T"C1~S0'€ SL°TT-SL Y 0%°L-9L°S [A A Ak 4 @3uey 000‘y
Y1°0%s%°C YL°0%06°C 90°'G+8%°¢L LS Y¥TL°8 ¢L70%e6"9 YT TIFLS S ‘3" SF¥uedR
9T2SNK [BIa8TdYG ureig I10SNY TeISTINYS ureig  STOSNK TBII[IYS ureayg (1/3u) “ouoy

*saanjeaadudl ¢ 3® aileydsde o3 asinsodxo 19338 STUTTI93UTJ INO0I3 MOquUIEl
PEDP JO 9708NW TeI3[d)S pUB uTLI(q UT (ay/uraloxd Zu/pazhioaphy yoy satourl) AITAT1IOE TY)H ueady

‘G dTqey



49

092l

9,51

5,8

(1013u0))

76 9T-0T'TT 26 6T-SS°%T  €€°0T-06°L1 8T°€T-SY°T1¢ 0L°2Z-CT°CT 6T°LZ-€T°0C s3uey 0°0
86°T¥98°2T 2T°T*L6°91 LT TFYT 6T 8L°0%91°2C 6€°GFIZ"LT 68°€T6S°E€T A S¥UEM
88°GY 69°GY YTes S0°6S bGTe TG ve T013U0) %

9%°9-0T°¢ 66°8-50°L VAR S X 4 LL°€T-58°01 69°G-€%°G €0°6-02°L 23uey 00¢
66°0%06°6 08'0%YL°L ST e¥61°01 AT UARAt T1°0%09°S 78°0¥%1°8 ‘3" SFUBIK
AV A/ TT° 1% 6G5°0% 6L°LY 97°1¢ A2 Tox3U0) %

£8°6-90°6 8L L-LT"9 9Z°8-0%"L 9¢°TT1-%2 01 06°9-8T1"% ¥6°8-TS Y a3uey 00%
GET0FTIN"S 6L°0+%96°9 Le"0¥LL L T6°0%65 70T Ty T¥#8E€°S 80°C¥S%°9 *d°SF UBAH
89°%¢ L6°%¢ 8L°6C T0°0¢ TT1°%¢ 9142 Tox3u0) 7%

€8 y-11°"% LT°9-LS"S S6°9-0%"Y LT°8-TC°S 85 7-89°¢ 8%°9-60°6 23uwy ots
e 0FONY 0%°0%76°S 0% T+0L"°S T9°T¥S9°9 6€£°0%ST Y 29°0%0L°S g * SFUBIN
T6° LT LL70E 96" 1¢ TLete 0€°¢et 69°02 T013u0) %

81 °%-71°¢ 6%°S-10°6 2€'9-0L°S 18°8-79°6 e 7-19°¢ 1 9-L%°¢ 93uey 0TL
76°0%6S 7€ %Z°0¥1C°S 62°0%%0°9 08°T+5C"L LE'OFTO"Y 81°T+88"Y *d*SFUBIR
[A A 8T Ct LL°eT L9°t¢ 6C°61 Ly°St To13U0] 7

91°€-85°¢ 9% G-8L"Y %0°6-00""% 89°8-68°G TL°e-09°¢ 98°€-07°¢ a3uey 0S6
%Z7°0%L8°C 8T°0+11°S LGT0%SS 7Y (A I ANA 6%°0%2¢°¢ TE0+G9°¢€ *d* SFuedH

2TosnNK Te3IdTAMS uteag OTOSNKH TeIBTAMS uteag  2TISNK TeIIT3MS uteaq (1/3w) *ou0)

*gainieiadwal ¢ e ajeudaor
moquIel JO 9[OSnu [eIDTI?S pue uteiq ut (xy/ureioxd

01 2ansodxa sanoy 9f 19338 JUTATAINS s@urTz28ury INno1]
wE\vuwhaouv%: Yoy sotomrl) K3ITATIdE JUy) uesl

‘9 2Tqel




50

of acephate at 15°C which haye ChE activity at 39 and 43% of control
(Table 5). Skeletal muscle enzyme activity of dead fish ranged from

20 to 30% except at the highest concentrations of acephate at 8°C and

2 highest concentrations at 15°C which have activities of 38, 39 and

47% of control, respectively. Fish that survived after 96 hours

exposure to acephate exhibited brain enzyme activity ranging from 19 to
357 of control at SOC, 30 to 55% at lSOC,and 30 to 46% at 220C,
respectively. Skeletal muscle enzyme activity of surviving fish ranged
from 19 to 33% of control at 8°C, 24 to 53% at 15°C and 22 to 45% at
220C. In general, ChE activity in both brain and skeletal muscle of
survivals exhibted an increase as the concentration of acephate decreased
in all 3 temperatures tested. Figure 5 shows the ChE activity as éercent
of control in brains and skeletal muscles of dead fish and of thosé

surviving fish after 96 hours exposure to acephate at 3 temperatures.

1.2.2. Fenitrothion: Enzyme activities in brains and

skeletal muscles of dead and surviving rainbow trout fingerlings after
exposure to fenitrothion are presented in Tables 7 and 8, respectively.
The activity of brain ChE activity in dead fish ranged from 15 to 30% of
control at SOC, 24 to 32% at 15°C and 17 to 52% at 22°C. Skeletal muscle
enzyme activity of dead fish ranged from 35 to 51% of coutrol at 8°C,

43 to 51% at 15°C and 28 to 84% at 22°¢C. Surviving fish after 96 hour
exposure to fenitrothion at lower concentrations exhibited brain enzyme
activity ranging from 23 to 38% of control at 8°C, 21 to 28% at 15°¢C

and 20 to 297 at 22°%. Skeletal muscle enzyme activity ranged from 26

to 51% of control at 8°C, 32 to 51% at 15°C and 15 to 26% at 22°C. The

enzyme activities of brain and skeletal muscle of surviving fish after
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Figure 5.

Cholinesterase activity (percent of control values)
in brain (left panels) and skeletal muscle (right
panels) of rainbow trout fingerlings dead and those
surviving after 96 hours exposure to acephate at 3
temperatures. Each point represents the average of 4
values obtained from duplicated analyses of pooled '
samples from 2 replicate experiments.

o*— dead fish

o— surviving fish
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exposure to fenitrothion are generally in the same range as the activity
in dead fish. Figure 6 shows the ChE activity (as % of control) in brain
and skeletal muscle of dead and surviving fish after exposure to
fenitrothion at 3 temperatures,

In summary, both acephate and fenitrothion produced ChE inhibition
in brain and skeletal muscle in rainbow trout fingerlings in all concen-
trations tested. Brain enzyme in rainbow trout fingerlings has higher
specific activity than skeletal enzyme and is inhibited by each in-
secticide to a greater extent than skeletal muscle enzyme (Tables 6 and 8).
However, the levels of enzyme activity in dead and surviving fish in both
brain and skeletal muscle are not significantly different, and it is not
possible to distinguish a critical level of enzyme activity which would

indicate death.

2. Cardiovascular/respiratory responses and ChE inhibition

2.1. Cardiovascular and respiratory responses

2.1.1. Acephate: Heart rates, respiration rates, buccal
amplitude and cough frequency of adult rainbow trout exposed to acephate
at 2,000 mg/L are summarized in Table 9. No data were obtained for 48
hour period since all fish died after 24 hours‘;f exposure. The average
heart rates of control and treated fish before exposure to acephate are
quite stable and range from 54 to 57 beats/min. When acephate was in-
troduced, the heart rates of treated fish were_siénificantly (p £ 0.05)
slower than control at 32 beats/min at 1 hour, recovering to 36 and 42
beats/min at 3 and 6 hours after exposure, respectively, but decreasing
again to 36 and 35 beats/min at 12 and 24 hours, respectively. Respiration
rates of acephate-treated fish increased significantly (p < 0.05) from 76

beats/min before treatment to 87 and 88 beats/min at 1 and 3 hours after
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Figure 6.

Cholinesterase activity (percent of control values) in
brain (left panels) and skeletal muscle (right panels)

of rainbow trout fingerlings dead and those surviving

after 96 hours exposure to fenitrothion at 3 temperatures.
Each point represents the average of 4 values obtained

from duplicated analyses of pooled samples from 2 replicate
experiments.

@ — dead fish

O—— surviving fish
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exposure. These rates remained elevated at the range of 86 to 89 beats/min
compared to 76 to 80 beats/min in control fish; Acephate also caused

a significant (p < 0.05) increase in buccal amplitude from 1.3 mm Hg
before treatment to 2.7 and 2,5 mm Hg at 1 and 3 hours after exposure
but decreased slightly to the range of 1.8 to 2.3 mm Hg compared to
control fish which range between 1.3 to 1.5 mm Hg. Cough frequency

in treated fish was not affected by acephate which varied in the range
between 0.9 to 1.4 coughs/min as compared to 0.9 to 1.3 coughs/min range
in control fish. TFigure 7 shows the effects of acephate on heart rates,
respiration rates, buccal amplitude and cough frequency responses of
treated fish compared to éontrol fish at cach exposure time. In
sumnary, acephate produces a decrease in heart rate, an increase in”
respiration rate and buccal amplitude, especially during the first 3

hours of exposure, and no change in cough frequency.

2.1.2. Fenitrothion: Table 10 summarizes the effects of

fenitrothion at 2.0 mg/L on heart rate, buccal amplitude and cough
frequency on rainbow trout. Fenitrothion produced a significant

(p < 0.05) decrease in heart rate of treated fish at the first 6 hours
after exposure with a range from 43 to 47 beats/min compared to control
fish which range between 51 and 52 beats/min. Respiration rates are
significantly (p < 0.05) increased to the range of -84 to 90 beats/min
compafed to control fish which range between 68 to 70 beats/min,
Respiration rates of fenitrothion-treated fish return to near normal after
24 hours of exposure. Buccal amplitude of fenitrothion-treated fish are
higher but not significantly different (p < 0.05) from control fish and

ranged from 1.0 to 1.5 mm Hg range in control fish. Cough frequency
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Figure 7.

Effects of acephate at 2000 m
rates, buccal amplitudes and
in adult rainbow trout. Each
and vertical lines represent
from at least 3 fish.

o— treated fish

O— control fish

g/L on heart rates, respiration
cough frequency responses

point represents the mean

95 percent confidence intervals
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of fenitrothion-treated fish is significantly (p £ 0.05) increased

from 0.7 to 1.2 coughs/min range in control and range between 6.4

to 10.9 coughs/min. In summary, fenitrothion produces a decrease in
heart rate, an increase in respiration rate and buccal amplitude in
réinbow trout as observed in the acephate study, but also caused an
increase in cough frequency which was not found in acephate experiments.
Figure 8 shows the effect of fenitrothion on heart rate, respiration
rate, buccal amplitude and cough frequency of rainbow trout at different

times of exposure.

9.2  Electrical activity of the heart

Figures 9 and 10, 11 and 12 show examples of electrocardiogram
(ECG) changes recorded from rainbow trout during exposure to acephate and
fenitrothion. From LECG configurations (Satchell, 1971) kafish ;l 0 hour
before trecatment) in each figure, it can be seen that three mbin,waves,:the
P-wave, QRS compléx and the T-wave of mammalian systems are also present
in fish. The P-wave is the first wave in an ECG cycle and corresponds |
to electrical activity created by myocardial depolarization of the atrium.
The QRS complex is the wave of electrical activity resulting from de-
polarization of the ventricle and repolarizafion of the atrium. The
beginning of this wave complex start about 0.2 seconds after the start
of the P-wave. Repolarization of the ventricle gives rise to the last
wave of FECG, the T-wave. The T-wave began apprbximately 0.4 seconds
after the start of the QRS complex. No attemp£ was made in this study
to measure the amplitude (voltage) of the ECG waves since the placement
of ECG electrodes within the fish has a large influence on the amplitude
of ECG. If the electrodes were placed deeper into the surrounding

muscle ventral to the heart, the waves were much larger than if placed
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Figure 8.

Effects of fenitrothion at 2,0 mg/L on heart rates,
respiration rates, buccal amplitudes and cou
responses in adult rainbow trout.
the mean of at least 3 fish and ver
95 percent confidence intervals.

gh frequency
Each point represents
tical lines represent

o— treated fish

Oo— control fish
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Figure 9. Examples of electrocardiogram (ECG) changes in adult
rainbow trout during exposure to acephate at 2000 mg/L
demonstrating:

A. Normal ECG pattern of fish at 0 hr, (before acephate
was introduced). 2

B. ECG after 1 hr exposure, showing the changes in-
pattern of waveforms and duration, P-wave and
T-wave become larger and with prominent U-wave
(see text).

C,D,E and F, Shows ECG of fish after 3, 6, 9 and 12 hr exposure

respectively, showing the increase in magnitude
of the T-wave.

G. ECG of fish after 24 hr exposure, showing the change

of QRS complex and T-wave st111 large.
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Figure 10. Examples of electrocardiogram (ECG) changes in adult
rainbow trout during exposure to acephate at 2000 mg/L
demonstrating:

A. ECG at O hr.
B. ECG after 1 hr exposure, showing missed heart beats.

C. ECG after 3 hr exposure, showing irregular heart
beats and changes in QRS complex.

D and E. ECG after 6 and 12 hr exposure showing changes in
QRS complex, inverse T-waves and appearance of
U~waves.
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Figure 11. Examples of electrocardiogram (ECG) changes in adult
rainbow trout during exposure to fenitrothion at 2.0
mg/L demonstrating: '

A'

B and C.

E and F.

ECG at 0 hr.

ECG after 1 and 3 hr exposure, showing changes
in the waveforms and magnitud?.

ECG after 6 hr exposure, showing recovery of
ECG and irregular waveforms.

ECG after 12 and 24 hr exposure, showing changes
in magnitude of QRS complex and inverse T-wave.
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Figure 12.

Examples of elctrocardiogram (ECG) changes in adult
rainbow trout during exposure to fenitrothion at 2.0
mg/L demonstrating:

A.

B.

ECG at 0 hr.

ECG after 1 hr €xposure, showing changes in duration
of ECG cycle.

ECG after 3 hr exposure, showing the recovery of
ECG.

ECG after 6 hr eéxposure, showing the irregular
duration of ECG cycle and enlarged T-wave.

ECG after 12 hr exposure, showing the irregular
waveform with large T-wave.

5
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just under the skin, The measurement of wave intervals of ECG in
treated fish were also very difficult to measure in some cases because
the end of each wave especially the T-wave was not well defined.
The diagnosis of ECG patterns in treated fish depended upon the
changes in the direction and amplitude of each wave form compared to
the ECG patterns before treatment of the same fish,

The cardiac electrical activities of fish exposed to acephate and
fenitrothion both exhibited changes in frequency and conduction time,
a4s measured by intervals between waves, in the Sdme manner. They showed
an initial slowing of the normal rhythm followed by changes in the
wave forms. The T-waves changed during exposure period by becoming
Progressively larger both in amplitude and duration. In some fish, the
T-wave changed to a very large upright wave but some fish exhibited
an inverse T-wave or depression of the ST Segment. Another major change
observed in ECG recording was the QRS complex which changed in amplitude,
wave form and duration. In some fish, a prominent deflection, called
the U-wave, followed the T-wave and preceded the next P-wave. The exact
cause of the U-wave is unknown but is current}y throught to be the
result of the slow repolarization of the intraventricular (Purkinje)
conduction system (Goldman, 1973).

In summary, the major characteristics of changes in ECG wave
forms in fish during exposure to acephate and feﬁitrothion are the in-
Crease in magnitude of the T-wave with the appe;rance of tall and slender
T-wave, prolongation of the QRS duration and changes in amplitude,

transitory ST scgment deviation and T-wave inversion.
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2.3 ChE inhibition in fish tissues

2.3.1. Acephate: The inhibition of cholinesterase (ChE)
in brain, gill, heart, red blood cell, serum and skeletal muscle from
rainbow trout exposed to acephate at 2000 mg/L is summarized in Table 11
and Figure 13. Brain enzyme activity decreased to 89% of control after
1 hour of exposure and continuously decreased to 85, 84, 79 and 72%
of control at 3, 6, 12 and 24 hours, respectively. Gill enzyme
activity of treated fish is not much affected at the first hour having
an activity of 98% of control but decreased to 66% of control at 3
hours and recovered to 80% of control at 6 hours, but decreased again
to 52 and 63% of control at 12 and 24 hours, respectively. The enzyme
activity in the heart decreased continuously from 91 to 25% of céntrol
from 1 hour to 12 hours after exposure but increaéed to 747 of eentrol
at 24 hours. Red blood cell enzyme activity followed the same pattern
as heart enzyme activity and dropped from 99% of control to 40% of
control from 1 hour to 6 hours and increased to 64 and 90% of control
at 12.and 24 hours respectively. Serum ChE activity decreased from 93%
to 29% after 12 hours and increased to 41% of control at 24 hours.
ChE activity in skeletal muscle varied between 65 to 96% of control.

In summary, acephate inhibited ChE activity in most tissues of
rainbow trout especially in gill, heart, red blood cell and serum but
mose enzyme activity showed a recovery after 12 hours. Brain and skeletal
muscle enzyme activities were not inhibited by acephate to the degree
seen in other tissues.-Figure 13 shows the enzyme activity of various
tissues of rainbow trout at different times of exposure to acephate at

2000 mg/L.
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Figure 13.

Cholinesterase activity (percent of control) in brain,
gill, heart, red blood cell, serum and skeletal muscle

of adult rainbow trout following exposure to acephate .

at 2000 mg/L. Each point represents mean values of 37

fish with standard errors.




({ % control )

ACTIVITY

CHOLINES TERASE

-+ 40_

ACEPHATE — RBT

100.]
80
60..
40

204

100_]
8Q]
60_
40_
20

100
80
60_

40
20

HEART

——————

100
80,
60|

40 |
204

100,

8Q,
60
40|
20_

10Q
80

60

20

SKELETAL MUSCLE

Q -

)
6

|
a2
EXPOSURE TIME ( hours)

!
24




79

2.3.2. Fenitrothion:; ChE inhibition in brain, gill,
heart, red blood cell, serum and skeletal muscle of rainbow trout
exposed to fenitrothion at 2.0 mg/L is presented in Table 12 and
Figure 1l4. Brain ChE activity decreased after the first hour of ex-
posure to 87% of control and continuously decreases to 77, 69, 54, 35 and
33% of control at 3, 6, 12, 24 and 48 hours respectively. Gill enzyme
activity decreésed to 65% of control after 1 hour and kept decreasing
to 22% of control after 48 hours. Enzyme activity in the heart also
decreased faster at the first 3 hours to 34% of control, recovered to
55% at 6 hours, but decreased again to 30, 23 and 18% of control at 12,
24 and 48 hours respectively. Red blood cell enzyme activity fol;owed
the same trend as enzyme in the heart with a relatively fast drop to
59% of control after 1 hour and a continuous decrease to 28% of
control at 48 hours. Serum enzyme activity decreased to 50% and 32%
of control after 1 and 3 hours of exposure and recovered at 6 hours
to 47% of control but decreased afterward to 12% of control at 48 hours.
ChE activity in skeletal muscle was not dramatically affected, having
activity in the range of 71 to 105% of controlf

Ih summary, fenitrothion caused a greatﬁdecrease in enzyme activity

in most tissues except skeletal muscle after 1 hour of exposure. The
activity of enzyme in gill, heart, red blood cell and serum follow the
same pattern. Figure 14 shows the enzyme activity in various tissues of

rainbow trout after exposure to fenitrothion at 2.0 mg/L.
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Figure 1l4.

o
¢

Cholinesterase activity (percent of control) in brain,
gill, heart, red blood cell, serum and skeletal muscle
of adult rainbow trout following exposure to fenitrothion

at 2.0 mg/L. Each point represents mean values of 3 fish
with standard errors. %
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2.4 Determination of serum electrolyte

2.4.1. Acephate: Concentrationsbas mEq/L of serum
chloride (Cl ), sodium (Na+), potassium (K+), calcium (Ca++) and
magnesium (Mg++) of control and treated fish exposed to acephate at
2000 mg/L at each exposure time are presented in Table 13, Serum cl”
of the control fish varied between 135.1 % 2.9 mEq/L to 138.6 % 1.5
mEq/L during the exposure period. Serum C1 of treated fish decreased
from 135.1 *+ 1.3 mEq/L after 1 hour to 126.4 * 2.1 mEq/L after 3 hours of
exposure and recovered slightly to 132.7 % 1.1 mEq/L after 6 hours but
decreased significantly than the control (p < 0.05) to 126.4 + 0.9
mEq/L after 24 hours of exposure. Serum Na+ concentration of control
fish varied between 138.0 % 5.8 mEqQ/L to 144.8 % 2.9 mEq/L duringé%he
exposure period. Serum Na+ of treated fish varied 1nconsistently“ |
between 131.9 * 1.9 mEq/L to 148.7 2 4.0 mEq/L during exposure: The
pattern with respect to Na+ changes appeared to be one of the elevation
and then depression but values were not significantly (p 5_0.05) different
from the controls. Serum K+ of the treated fish increased from

1.6

i+

0.1 mEq/L after 1 hour to 2.3 + 0.1, Z.Q/t‘O.Z, 3,1 £ 0.2 and

I+

3.1 £ 0.1 mEq/Lvafter 3, 6, 12 and 24 hours after exposure, compared with
controls which varied between 1.9 % 0.2 mEq/L to 2.2 0.2 mEq/L during

the exposure period. The trend over the experimental period was clearly
toward an increase in serum level of this ion.  Serum Ca++ concentration

of treated fish varied between 5.2 + 0.2 mEq/L to 5.8 £ 0.4 mEq/L and was
not significantly (p £ 0.03) different from control values which‘ranged be-
tween 4.4 * 0.4 to 5.0 % 0.2 mEq/L. Scrum Mg++ concentration of treated fist

appecared to be relatively stable with fluctuations about the control values

and showed no marked tendency to increase or decrease. Figure 15 demonstrats
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Figure 15.

Changes of serum chloride, sodium, potassium, calcium
and magnesium concentrations (mEq/L) in adult rainbow
trout following exposure to acephate at 2000 mg/L.
Each point represents mean values of 3 fish with
standard errors.

O— control fish

@e— treated fish
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the changes in serum electrolytes of treated and control fish after

exposure to acephate at each exposure time.

2.4.2. Fenitrothion: The concentrations of serum Cl—,

+ + + +
Na', K, Ca and Mg of control and treated fish exposed to fenitrothion

are summarized in Table 1l4. Serum Cl” of the treated fish fluctuated

between 134.3 + 0.1 mEq/L to 141.0 * 1.6 mEq/L during the first 12 hour

+

period and then decreased to 126.4'- 2.6 mEq/L and 126.0 * 2.4 mEq/L
after 24 and 48 hours of exposure, but were not significantly different
(p < 0.05) from the controls which varied between 135.1 + 9.3 mEq/L to
139.2 + 4.3 mEq/L during the exposure period. Na+, like C1~, fluctuated
about the control values from 145.3 + 3.9 mEq/L to 15.0 = 1.5 mEq/L for
the first 12 hours and decreased slightly, to 136.7 % 4.2 mEq/L and
139.7 + 4.6 mEq/L after 24 and 48 hours. By contrast, serum K+,of
treated fish increcased from 3.1 + 0.2 mEq/L after 1 hour of exposure to
3.2 + 0.3, 3.2 + 0.3 and 3.4 + 0.3 mEq/L after 3, 6 and 12 hours
respectively and continued to increase until significantly different
(p < 0.05) than the controls to 4.1 + 0.2 and 4.7 *+ 0.2 mEq/L after 24
and 48 hours. -Serum Ca++ of treated fish did not change significantly
(p < 0.05) from the controls and varied between 4.3 + 0.2 mEq/L to
5.3 + 0.1 mEq/L. Serum Mg++ showed the same pattern as observed in the
acephate exéeriment with fluctuations about the control values until the
ond of the experiment. Figure 16 shows the changes in serum electrolytes
of control and treated fish after exposure to fenitrothion at each ex-
posure time. |

In summary, both acephate and fenitrothion produced an increase in
serum K+ concentration and a slight decrease in serum Cl™ concentration .

of rainbow trout.
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Figure 16.

Changes of serum chloride, sodium, potassium, calcium and
magnesium concentration (mEq/L) in adult rainbow trout
following exposure to fenitrothion at 2.0 mg/L. Each
point represents mean values of 3 fish with standard
error.

oO—- control fish

o— treated fish




( mEq/L )

CONCENTRATION

FENITROTHION — RBT

140 |

130

120

150 _

140

130

1
SODIUM %

| ]

PoTassiuM |

m—u

T
12
EXPOSURE TIME

!
24 48
( hours )



DISCUSSION




S

92

1. Effects of temperature on acute lethality and ChE inhibition

1.1, Acute lethality studies

The results from these studies indicate that temperature stress
alters the toxicity of each OP insecticide, especially that of fenitro-
thion, to rainbow trout. The effects of temperature stress on the
susceptibility of fish, as indicated by LC50 and MST values, (Table 2
and. 3) were observed in the first 24 hour period but were less pronounced
after 48 hours and no significant difference was observed after 96
hours of exposure. The difference in toxicity after 24 hour expoéure
may be caused by temperature induced stresses. In these experiments,
fish were subjected to abrupt temperature changes from the acclimation
temperature of 15°C to test temperatures at 80 and 22°C, referre& to
as cold and heat stresses, for 43 hours before starting the experiment,

The same pattern of temperature effects observed in this study
was also reported by several investigators in other toxicants in various
fish species. Toxicity of zinc to rainbow trout is greater at 21.5°%
than at 13.5°C in short time intervals but the toxicity is not different
after 3 days (Lloyd, 1960). Thatcher et al.-(1976) studying the effectg

of chlorine and temperature on juvenile brook trout (Salvelinus fontinalis)

cbserved the difference in sortality was exhibited prior to 48 hours of
exposure but there was no significant difference between the 96-hour
mortality values between experiments run at lOO'and 15%. They also ob-
served that the greater the temperature shock, the higher the mortality
during the early exposure periods.

The rate of insecticide uptake by fish can be influenced by tempera-

ture through its effect on the respiratory system. The branchial
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respiratory surfaces of fish are probably the wost important route of
direct insecticide uptake because they are permeable and have a large
surface area. Toxicant uptake through the gills can increase with an
increase in respiration rate which can be induced by an increase in the
temperature of the aquatic medium (Warren, 1971). Rainbow trout in-
creased both frequency and amplitude of ventilation with a rise in
temperature (Hughes and Roberts, 1970; Heath, 1973; Heath and Hughes,
1973) and thus increased ventilation volume (Randall and Cameron, 1973).
Many investigators also reported the effects of temperature on the
accumulation of toxic substances from water by fish in both short and

long term periods. The accumulation of p',p'DDT by mosquitofish

(Gambusia affinis) (Murphy and Murphy, 1971) and mercuric chloridegby
rainbow trout (Macleod and Pessah, 1973) increased with an increasb in
temperature. Reinert et al. (1974) who studied the effects of temperature
on the accumulation of mercuric chloride and p',p'DDT by rainbow trout
over a long period also found the same result and suggested that the
extent of an increase in accumulation would depend on factors such as the
amount of increase in water temperature, the amount of time fish‘are in the
the warmer water, the initial concentration offfoxic materials in the
fish and the rate of excretion.

From these observations therefore, slowing metabolism by lowering
the temperature may have allowed a longer survival time by reducing
ventilation rate and consequently insecticide uptake. Similarly, métabolic
acceleration following an increase in temperature may have shortened
survival time by accelerating insecticide uptake.

The physicochemical properties of substances that influence their

movement across biological membranes are fairly well established and
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and include lipid solubility, water solubility, degree of ionization,
chemical stability and molecular weight (LeFebre, 1972). Many compounds
Pass across membranes by passive diffusion at a rate determined by the
lipid solubility of the compound and proportional to its concentration
gradient across the membrane (Schanker, 1962; Korolkovas, -1970). Compounds
that are lipid-insoluble and of very small molecular size can pass through
membranes by simple diffusion through minute water-filled pores and the
rate éf passage is proportional to councentration difference across
membrane (Kruhoffer, 1961).

Fenitrothion is soluble in most organic solvents but of low solu-
bility in water (Sumitomo'Chemical Company, 1963; Muramoto, 1976). Zitko
and Cunningham (1974) reported the solubility of fenitrothion inkwéter
is of the order of 20 mg/L. On the contrary, acephate which has véry
high solubility in water (about 65 percent) and relatively low solubility
in organic solvents (less than 5 percent) (Chevron Chemical Company, 1973)‘
is a lipid~insoluble substance.

The effects of temperature stress on the respiration rate of fish,
therefore, will have greater influence on the uptake of fenitrothion which
is a lipid-soluble compound than acephate which is a water soluble com-
pound. Acephate, having pKa of 8.3, was ionized about 97 percent at the
PH level of the tested water (Table 2) would probably penetrate through
membranes at a much slower rate and would require higher coucentrations
than fenitrothion to produce a significant concentration gradient across
the membranes. This fact was observed on the survival times of fish
exposed to fenitrothion which are more affected by temperature sﬁresses
than acephate (Table 3). 1In general, fish died faster in heat stress

and slower in cold stress,
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Heat stress shortens the syryiyal times of fish exposed to seyeral
toxicants has also been reported by many investigators. A temperature
increase of 1.5% per 10 minutes reduced the survival time of bluegills

(Lepomis macrochirus) exposed to lethal and sublethal concentrations of

zinc (Burton et al. 1972). Hodson and Sprague (1975) who studied the
effect of heat and cold stresses on the acute toxicity of zinc to atlantic
salmon (Salmo salar) reported that moderate (8°C) and severe (16°C) heat
stresses shortened time to mortality and the opposite results were
observed in cold stresses. They also observed that heat and cold stresses
changed the slopes of the mortality curves.

The slopes of mortality curves in acephate experiments are de-
creased slightly as temperature decreases (Figure 3) but are not signifi-
cantly different (p < 0.05). In fenitrothion experiments, the albpes
of mortality curves are decreased significantly (p < 0.05) when temperature
decreases (Figure 4).

Nonparallelism of the mortality curves observed in fenitrothion
experiments at different temperatures suggests that different mechanisms
of toxic action are involved. The activation of fenitrothion by MFO
enzyme system to fenitrooxon is probably the mgjor factor that causes
the changes in the slopes of mortality curves since fenitrooxon is more
toxic to fish than fenitrothion and therefore the mortality rate is
changed. The slopes of mortality curves in acephate studies are not
changed indicating that the mode of toxic action of acephate was not
affected by temperature.

The phosphorothioate insecticides (eg. fenitrothion) having the

basic structure of P=S are not potent ChE inhibitors and usually undergo
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bilotransformation processes by MFO enzyme system in the liver to the
mcre potent ChE inhibitors or their oxygen analog$ having the basic
structure of P=0 eg. fenitrooxon. Klaverkamp et al. (1976) indicated
that rainbow trout can convert fenitrothion to a more potent ChE
inhibitor, probably fenitrooxon. Therefore, increase in temperature may
increase the rate of biotransformation of fenitrothion to fenitrooxon
which is more toxic (Eto, 1974) resulting in the increase fish
mortality. Acephate, on the contrary, does not have to undergo the bio-
transformation process by the liver enzyme system and therefpre was not
much affected by temperature.

The QlO values of the rate of mortality of acephate ranged Petween
0.68 to 2.02 (Table 4) with a mean value of about 1.3 (ie. a 10°d increase
in temperature caﬁsed a 1.3 fold increase in the rate of mortaliff).
Shifrer et al. (1974) suggested that QlO values for physical processes
generally range between 1.1 to 1.2, and the Qlo values from acephate ex- '
periments are close to this range. The physical processes ile. diffusion
and/or osmotic pressure were probably involved in the effect of tempera-
ture on toxicity of acephate. The rate that a substance (molecule) moves
through a membrane by diffusion is believed té‘increase by approximately
10 percent with 10°C rise in temperature (Middlebrooks et al. 1973).

The Qlo values for the rate of mortality from difference concen-
trations of fenitrothion ranged from 1.11 to 5.57 (Table 4) with a mean
value of about 3.3 (ie. a 10°C increase in temperature caused a 3.3 fold
increase in the rate of mortality). Shifrer et al. (1974} suggested that

when a chemical reaction is involved in the toxic action, values

%0
might range from 2 to 4 or higher. Therefore, for fish exposed to

fenitrothion it is possible that fenitrothion toxicity is influenced
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by temperatures in a similar way that enzyme kinetics are controlled as
also is suggested from the changes of slope of the mortality curve,

The difference in the acute lethality between acephate and feni-
trothion to rainbow trouﬁ fingerlings of about 600 to 100d times observed
from this study is quite interesting since the in vitro studies of brain
ChE inhibition in rainbow trout by Klaverkamp et al. (1975) indicated
that the difference in potency of acephate and fenitrothion for in-
hibiting brain ChE is relatively small. The pI 50 values (negative log
of the concentration producing 50 percent brain ChE inhibition) for
acephate and fenitrothion were observed at 0.9 and 1.1 respectively,

The difference in the ig_jizg situation could be attributed to the
variation in the movement of acephate and fenitrothion across biolo=-
gical membranes in fish to reach and react with the target receptor
and/or the capacity of fish liver enzyme system to activate fenitrothion_
to fenitrooxon which is very potent ChE inhibitor. The pI 50 value of
fenitrooxon was observed at 5.8 (Klaverkamp'ggigi. 1975) which 1is about

4.3 x 104 and 3.8 x 105 times greater in potency than fenitrothion and

acephate respectively.

1.2 ChE inhibition in brain and skeletal muscle

The results observed from thesc studies indicate that the inhibition
of ChE in brain and skeletal muscle in rainbow trout fingerlings by
accphate and fenitrothion are not correlated with mortality. Weiss
(1958, 1959, 1961) suggested that death will occur when brain ChE activity
drops to 40-70 percent of normal activity. Coppage (1972) and Coppage
and Mathews (1974) suggested that 80 percent inhibition of brain'ChE

activity should be the critical level in fish in short term OP insecticide
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poisoning, The results from this experiment, howeyer, do not support
these suggestions since the brain enzyme actiﬁity in surviving fish
were, in some cases, lower than that level while in dead fish brain
enzyme activity was sometime higher than that level, Gibson et al.

(1969) observed the same results in bluegill (Lepomis macrochirus) with

parathion and concluded that mortality and recovery from OP insecticide
poisoning are not necessarily related to the degree of brain ChE in-
hibition.

Coppage (1971) proposed a method for in vivo ChE inhibition study
using a pH stat method which was applied in tests comparing in vivo
brain ChE inhibition and toxicity of several OP insecticides in Sheeps-

head minnows (Cyprinodon variegatus) and found ChE inhibition was correlated

with exposure time and observed toxicity. He concluded that the confusing
relationship between mortality and degree of in vivo ChE inhibition
reported by Gibson et al. (1969) could be in the methodology, since Gibson
et al. (1969) used the spectrophotometric method which is subject to
several limitations and possible sources of error.

While agreement concerning the so-calledﬂcritical levels of ChE
activity that will be lethal to fish is lacking, there is a possible
explanation that answers the question of high level of ChE activity in
dead fish, especially those exposed to high concentrations of insecticide,
in this study. Recent concepts of cholinergic pharmacology have recognized
that tissue ChE can be divided into 2 pools, extracellular and intra-
cellular pools, and that only the former enzyme pool secms related to

pharmacologic function whereas the intracellular pool is the nonfunctional

or reserve enzyme (Koelle, 1970b; Silver, 1974). Previous studies on
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nerves, brain, striated muscle and iris demonstrated that external ChE

or functional pool of enzyme which regulates res@onses to cholinergic
drugs constitutes approximately 20 percent and internal ChE or non-
functional enzyme constitutes approximately 80 percent of total enzyme
activity,‘and that the pharmacologic effect of anti-ChE agents is
apparently achieved by the inhibition of external or functional enzyme
(McIsaac and Koelle, 1959; Hobbiger and Vojvodic, 1967; Harris et al.
1972). Diisopropylfluorophosphate (RBFP), an OP insecticide, was found

to have no pharmacologic effect on the diaphragm muscle of mammals if

the external enzyme pool is protected from inhibition even when internal
ChE is almost completely inhibited (Mittag et al. 1971). Consequently,
when tissue homogenates are used to study drug effects on ChE ac leagt

80 percent of the enzyme assayed has no direct connection with cholinergic
function (Ehrenprels_gg_gl. 1970; Mittag et al. 1971). Harris et al.(1972)
also concluded that while tissue homogenates can give more precise kinetie
data, much of the enzyme measured in this way is nonfunctional ChE and

it has no relation to drug response. They suggested a new radiometric .
technique and used it to study the effect of DFP on ChE activity and
contractility of intact cat iris. They alsoﬁreported that it is the,
inhibition of the surface or extracellular ChE of the iris, constituting
approximately 18 percent of total tissue ChE, which is involved in
potentiation of contractility induced by agonists. Therefore, it geems
that the homogenization of brain and skeletal muscle samples used in the
ChE analysis in this study may allow the nonfunctional ChE or intracellular
pool to become available to the substrate used and may result in high
enzyme activity even when the functional enzyme pool may be completely

inhibited.
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High ChE actiyity in dead fish was observed at high coucentrations
of insecticide, especially at 22°C test temperature in the femitrothion
étudy. This may be due to the less time that those fish stay in the
test solutions, therefore the total ChE activity is still high but the
functional enzyme pool may be inhibited. For the fish that died at lower
concentrations and stay longer in the test solutions there is a lower total
enzyme activity because the insecticides have more time to penetrate
and pass through the cell membranes and then inhibit both functional and
nonfunctional pools of enzyme.

The results observed from this study also demonstrated that surviving
fish may have lower enzyme activity, in some cases, than the fish that
died which suggested that adaptive or tolerance mechanisms may have
developed in those fish. Mechanisms responsible for tolerance probably
exist in fish that are capable of increasing the synthesis or reactivation
of ChE and/or lowering the accumulated acetylcholine (ACh) levels in
spite of a persisting or increasing depression of ChE activity. The
recovery of skeletal muscle ChE in rat after 1 hour of exposure to
melvinphos, an OP insecticide, is believed to be caused by the syntheses
of new enzyme (Sharma et al. 1973).

The mechanism of tolerance by lowering ACh levels has been suggested
and discussed by several investigators. Brain ACh levels of mammals
were found to return toward normal level within a short time after anti-
ChE treatment (Bignami et al. 1975). An explanation of this mechanism
is that the high levels of the neurotransmitter (ACh) in the tissue in-
hibit the synthesis of the neurotransmitter itself as proposed bleaita
and Goldberg (1969) but the evidence is far from clear. Another possibi-

lity is that the long-term accumulation of high concentration bf ACh
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probably leads to g reduction of receptor sensitivity which in turn
allows a recovery of function as reported by Overstreet et al. (1972).
Therefore, it seems that surviving fish may be capable of using
any or all of these mechanisms to tolerate the accumulation of ACh and
lowering of ChE activity in the brain tissue. It is also known that
after OP insecticide treatment brain ACh levels of animals tested can
return toward normal level much faster than the ChE activity and it
appears that the return of brain ACh levels correlated fairly well with
the disappearance of intoxication symptoms, but shows little relation-
ship with ChE activity (Bignami, et al. 1975). However, no attempt was
made in this study to measure the ACh levels in the brain of fish and
the data presently available do not allow a quant{pative evaluatign of the

relative role of the above mechanisms.

2, Cardiovascular/respirato:y responses and ChE inhibition

2.1. Cardiovascular and respiratory responses

The decrease in heart rates in fish exposed to acephate and
fenitrothion is characteristic of ChE inhibitqg poisoning as observed
by many investigators (Matton and Lattam, 1969; Majewski and Klaverkamp,
1975; Klaverkamp et al. 1976; Lunn et al. 1976). Acephate and
fenitrothion, by inhibiting cardiac or vagal ChE, may cause an accumulation
of ACh and produce bradycardia in fish., Bradycardia has beenvsuggested
to function as a'mechanism that could alter the dynamics of blood flow
at the vicinity of the fespiration surface, Holeton and Randall (1967)
indicated that the slower heart rate may facilitate oxygen uptake by
permitting the blood to remain in the gill lamellae for a longer period

of time.
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The occasional "locking" of heart beat in fish to a specific phase
of the respiratory cycle, a phenomenon known as synchrony (Shelton and
Randall, 1962) was observed in some fish in this study. This relation-
ship has been reported by several investigators as a response to
stresses, such as anesthetization (Shelton and Randall, 1962), temperature
change (Heath and Hughes, 1971), and recovery from surgery (Sutterlin,
1969). Randall and Smith (1967) reported that both the bradycardia and
the cardiorespiratory synchrony are related to hypoxic conditions at thé
respiratory surface and both are maintained by inhibitory activity in the
efferent cholinergic fibers contained within the cardiac ramus of the
vagus. It has been proposed that synchrony functions to assure that
suf ficient oxygen is available to saturate the blood when it passgs‘
through the gills (Hughes, 1964; Randall and Smith, 1967). The{r;?.
lationship might provide synchronization of high flow rates iﬁ t§§
pulsatile systems, blood and water, with the outcome being a moment to
moment balance of ventilation and perfusion resulting in an increased
efficiency in gas exchange. However, this relationship is inexact
and of short duration as observed in this study and was confirmed not
to be a dominent effect in fish (Weintraub and Mackay, 1975).

The increase in respiration rates and amplitudes and the decreése
in Heart rates in fish exposed to acephate and fenitrothion are similar
to responses of fish exposed to hypoxia (Randall and Sheltonm, 1963
Randall and Smith, 1967; llughes, 1973). These.responses indicate that
oxygen uptake may be affected by the insecticides and/or a lack of oxygen'
supply is delivered to the cells or tissues. The increased ventilation
rates in treated fish and amplitudes in this experiment was not due to a

reduction in oxygen concentration of the inspired water since oxygen
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was supplied at near saturatjion leyel in each chamber by the use of an
airstone as described previously. Hughes (1973) suggested that hypoxic
condition in fish may be caused by several factors such as: malformation
or paralysis qf the normal ventilatory apparatus; interference with
the diffusion exchange across the 8ill surfaces; the excessive shunting
of venous blood or by-passing the respiratory exchange surfaces.

It seems likely in this experiment that the excessive shunting of
venous blood or by-passing the respiratory exchange surfaces is the
major process involved. Two filamental shunt models are based on ob~

servations in eels (Anguilla vulgaris) by Steen and Kruysse (1964) and

in rainbow trout (Salmo gairdneri) by Richards and Fromm (1969) where

flow from afferent to efferent filamental vessels was observed tg‘be

via (a) the flat lacuna secondary lamellae (respiratory pathway)jind

(b) a central sinus in the filamental body (non-respiratory filamental
shunt). It has been assumed that regulation of vascular resistance

is similar in'fish and higher vertebrates (Satchell, 1971) and that the
effects of cholinergic and adrenergic drugs and hormones on branchial
resistance are qualitatively similar. Using different methods, Steen and
Kruysse (1964) and Richards and Fromm (1969) observed that ACh increased
filamental sinus blood flow (non-respiratory shunt) and epinephrine
increased secondary lamellar blood flow which is the respiratory flow.
Fromm et al. (1971) examined the effects of several chlorinated hydro-~
carbon and OP insecticides on the rate of fluid flow through isolated
perfused rainbow trout gills and reported a decrease in flow rates at
constant perfusion pressure which means that resistance to fluid flow

through gills was increased. Bergman et al. (1974) also confirmed that

the functional surface area of rainbow trout gills can be regulated by
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changing perfusion pathway with adjustments in the relatiye vascular
resistance across the different pathways, They also reported that
ACh decreased functional gill surface area by causing the constriction
of the afferent and efferent lamellar vessels reducing flow to lamellae
and increasing overall branchial vascular resistance. Wood (1975) re-
ported the presence of cholinergic receptors in the gills of rainbow
trout which are muscarinic in nature and mediate vasoconstriction by
innervation probably through vagal origin. Therefore, acephate and
fenitrothion may produce hypoxic conditions in fish through the choliner-
gic receptors by increasing the branchial vascular resistance and re-.
ducing the functional gill surface area which in turn affected the
respiratory gas exchange between the gill and water. :
The ECG waveforms observed during these experiments demon;trated
changes that are nearly identical to those observed in rainbow trout
responses to stress of hypoxia as reported by Bahr (1968). fhe characteris-
tics of changes in ECG waveforms in fish during exposure to acephate and
fenitrothion in these experiments are also similar to the changes observed
in marmalian heart under myocardial ischemic qondition and myocardial
electrolyte imbalance as described by‘Nasser‘kl970) and Goldman (1973).
The characteristic change in ECG aneform during electrolyte imbalance
eg. hyperkalemia (an increase in extracellular potassium) is described
as an increase in magnitude of the T-wave by the appearance of a tall,
slender, "tented" T-wave which at high levels of potassium will produce
prolongation of the PR interval and the QRS duration. ECG changes
during myocardial ischemia are transitory ST segment deviation and T-wave

changes downward or T-wave inversion (Nasser, 1970; Goldman, 1973).
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The characteristic changes in ECG waveforms described above were also
observed in this experiment, therefore, it is pfobable that acephate
and fenitrothion may produce myocardial ischemic conditions and
electrolyte imbalance ie, hyperkalemia in the fish heart.

Myocardial ischemic condition can also cause a build-up of
metabolites presumably due to an increase in anaerobic metabolism,
Metabolites which can occur include lactic acid, carbon dioxide and
perhaps others (Nasser, 1970). The hypoxic heart's lactic acid pro-
duction from either glucose or endogenous glycogen is a well-documented
fact in myocardial ischemia, and it has been widely recognized in
mammals including man during cardiogenic shock (Shea_gg_gl. 1962).
Holeton and Randall (1967) found that lactic acid will accumulate extra-
cellularly in trout exposed to hypoxic conditions. However, no aﬁtempt
was made in this study to measure the amount of lactic acid production
in fish but it very likely occurred in these experiments. Experimental
myocardial ischemia is also consistently characterized by potassium loss
from the ischemic myocardium (Case et al. 1969; Gerlings et al. 1969).
There is a linear relationship begween myocardial lactate production and
potassium loss, suggesting that the amount of”botassium lost is directly
related to the degree of ischemia (Case et al. 1969; Gerlings 35_31.'1969).

Potassium and calcium are the only major electrolytes considered
to have independent effects upon the ECG response (Nasser, 1970).
Changes in the sodium ifon concentration that préducc ECG changes are
largely due to the modification of the effect of ﬁotassium lon concen-
tration (Nasser, 1970). Hyperkalemia, an elevated extracellular potassium
level, is the most lethal of electrolyte disorders in the heart (Nasser,

1970; Goldman, 1973). It has been indicated by Adrian (1956) that ex-
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cessive amounts of extracellular potassium will cause hyperpolarization
of neural membranes and eventually render the nerves functionless.

It is possible that potassium will also accumulate extracellularly in
fish under this experimental condition as will be discussed later in the
serum electrolyte determination section.

It is interesting to note that fenitrothion produced an increase
in cough frequency but acephate did not. Changes in cough frequency
in . fish have been used to indicate the presence of some toxicants in
water (Schaumberg et al. 1967; Skidmore, 1970; Sparks et al. 1972).

The increase in frequency of coughing'is believed to be caused by
mechanical irritation to the gill epithelium and, presumably, the cough
reflex serves as a means of ridding the gills of foreign matter and
eliminating clogging of the respiratcry epithelium (Hughes and Shelton,.
1958). Heavy metals are known to coagulate mucus secreted on the gills,
and the cause of death was suggested as being due to hypoxia resulting‘
from the lifting of the surface epithelium away from the vascular bed
of the secondary lamellae with subsequent lengthening of the oxygen
diffusion pathway (Skidmore, 1970). No evidence was observed in this
study to indicate that fenitrothion or acephate caused mucus secretion
in fish gills.

Few observations have been made on the neurological basis of
coughing. Shelton (1959) showed that there are neurones situated in
the anterior part of the medulla beneath the cérebellum of the tench
(Tinca tinca) which were particulafly responsible for co-ordination of
the coughs and transection experiments tended to confirm this. Analysis
of the relationship between coughing and ventilatory cycles aléo suggests

independence with some coupling of the rhythms (Hughes and Morgan, 1973).
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Therefore, if the coughing response is controlled by the nervous systenm
as suggested, the possible explanation of the difference in coughing
response to acephate and fenitrothion lies in their different physico~
chemical properties. Fenitrothion, as a lipid-soluble compound, can
penetrate through the blood-brain barrier and inhibit nerye function

in the region of the hind brain. Acephate, on the other hand, is a lipid-
insoluble compound and would not be effective in passing through the
blood-brain barrier and reaching the site that controls the coughing
response. The difference between fenitrothion and acephate in the
effectiveness of their inhibition of brain ChE has been demonstrated
and will be discussed in the next section,

An alternative explanation to the increase in cough response to
fenitrothion may be gill irritation produced by fenitrothion. Fenitrothion
may causeichanges in the cell membrane at the gill epithelium and producg
disruption of the cell membrane. However, no attempt was made in this
study to examine histological changes in the gill tissues. Histological
changes in the gills of rainbow trout larvae exposed to Dylox, an OP
insecticide, were studied by Matton and Lattam (1969) who reported the
gill arrangement was disrupted, the cell rows'ﬁere no longer parallel,
the elongated epithelial cells were distended with swollen nuclei and
distorted blood cells were present in the mid-zone. This interpretation,
however, still does not explain why acephate did not irritate the gills,

Davis (1973) suggested that coughing migﬂt interfere with proper
oxygen uptake by reversing the flow of water over the gills, thereby
interfering with the normal countercurrent exchange, which maintains a
maximum oxygen gradient between water and blood. In addition, coughing

may cause the gill filament tips, which interdigitate to be pulled apart,
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so that water is not efficiently supplied to the second lamellae
(Davis, 1973). The increase in the respiration rate and amplitude
observed in fenitrothion experiments may also be a compensation for
loss of respiratory efficiency during coughs.

From thesc observations, it is concluded that the cardiovascular/
respiratory systems of fish are important sites of action for acephate
and fenitrothion toxicity. Their toxic effects produced in fish could
be caﬁsed by myocardial hypoxia induced by an increase in branchial
vascular resistance and reduce gill functional surface areas which in-
turn upset the oxygen uptake. It is suggested here that oxygenated-
blood circulation (ie. coronary system) was severely reduced and
perhaps even lacking in some tissues and thus the myocardial ischeﬁic
condition developed. However, no attempt was made in this stddy‘tdf
measure other blood parameters such as blood p02, pCOz, pH and lactéte
levels in treated fish during exposure to acephate and fenitrothion.
Therefore, this proposed toxic action of acephate and fenitrothion in

rainbow trout by producing internal hypoxia needs further investigation.

2.2 ChE inhibition in fish tissues

The results obtained from ChE studies indicate that acephate and
fenitrothion caused a differential pattern of ChE inhibition in various
tissues (Figures 13 and 14). The extent to which ChE was inhibited in
different tissues depends upon the rate at which the chemical réaches
the ChE and that depends on the physicochemical properties of both OP
insecticides. The inhibition of ChE by acephate in most tissue studies
except skeletal muscle is not significant after 1 hour of exposure but

fenitrothion inhibited ChE significantly in most tissues except brain and
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skeletal muscle after 1 hour, This result may be explained by the
different rates of absorption and penetration of both compounds
through the cell membrane to the target tissues.

Acephate, a water soluble and about 76% ionized (pKa 8.3) in
normal blood pH of 7.8 (Bass and Heath, 1977), probably does not easily
penetrate into the brain as suggested by the low ChE inhibition (about
28 percent inhibition in brain tissue after 24 hours of exposure at a
concentration that is lethal to fish). Fenitrothion, a 1lipid soluble
OP insecticide, however, can inhibit brain enzyme about 65 percent after
24 hours of exposure at a concentration that is lethal to fish.

The inhibition of brain ChE activity in fish may not be an important
factor in the acute lethal effect produced by acephate. The important
target organ(s) of acephate in lethal does may be peripheral rathér than
central in location. Fenitrothion, on the contrary, may produce the
acute lethal effect through the inhibition of ChE in the central nervous
system as a predominant factér and/or with the combination of peripheral
tissue ChE inhibition.

Fenitrothion, 5t sublethal concentration, was found to produce
greater ChE inhibition in the rat kidney, livéf, erythrocytes and plasma
than within the brain (Misu et al. 1966). Miyamoto (1977) who studied
the absorption of radioisotope m—methyl—lAC fenitrothion at concentration
of 0.02 mg/L in rainbow trout reported that after 6 hours of exposure
the concentration of radiocarbon 1is highest in'gall bladder and intestine,
and after 24 hours the radiocarbon is present in nearly every tissue
except brain'and heart, These investigators studied the toxic effect at
sublethal or very low levels of fenitrothion, therefore the rate of

absorption and distribution might be different from that at the acute

lethal level which was used in this study,
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The skeletal muscle enzyme was not greatly affected and did not
show much inhibition by either acephate or fenitrothion. The skeletal
muscle ChE exhibited recovery and approached the normal level after
3 hours of exposure but decreased slightly after and tended to recover
again at the end of experiments.

Schneider and Weber (1975) studied neuromuscular function and the

ChE enzyme in the pectoral fin abdoctor muscle of largemouth bass

(Micropterus salmoides) exposed to DFP (diisopropylfluorophosphate), an
OP insecticide, and found that ChE in skeletal muscle of fish was not

as important for neuromusculaf transmission as has been established for
the muscle of other vertebrates. They also suggested that the acute
toxic ecffects of DFP to largemouth bass were not mediated by a co%lapse
of neuroskeletal muscle function. According to this information and the
result observed from this experiment, therefore, it can be éoncldded
that ChE inhibition in skeletal muscle by acephate and fenitrothion is
not the primary site or mechanism of action producing death in rainbow
trout.

Enzyme inhibition in red blood cells and serum or plasma in fish
exhibited a similar pattern with a fairly rapid decrease in enzyme
activity during the first few hours after exposure, followed‘by a slower
decrease or recovery of the enzyme activity. The recovery process may
be caused by the regeneration of red blood cells in the bone
marrow and the synthesis of new plasma enzyme in the liver as suggested
by Gage (1967). The time required for recovery or regencration of the
enzyme will depend upon the degree of inhibition, the du;ation of exposure,

the chemical structure of the inhibitors and the nature of enzyme involved

(Gage, 1967).
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The activity of blood ChE enzyme is generally regarded to be
an index of exposure to OP insecticides and a separate determination on
red blood cell and plasma has been suggested as having a greater
diagnostic value than a determination on whole blood (Witter, 1963;
Gage, 1967; Wills, 1972). Gage (1967) reviewed the literature on
cnzyme inhibition in the blood of mammals by several anti-ChE agents
and suggested that the toxic effects are not likely to be encountered
if the red blood cell and plasma enzyme activities remained above
50 and 25 percent respectively. In this experiment, using fenitrothion
the enzyme activity of red blood cell and plasma was decreased to 28

and 12 percent of control respectively. However, the enzyme activity

of red blood cell and plasma in acephate experiment remai
and 41 percent of control respectively. The higher enzymefacﬁgﬁity in
plasma may be due to the recovery of enzyme as described previouély
but the high enzyme activity in red blood cell may be due to the re-
generation of red blood cell and/or the inability of acephate to penetrate
into the red blood cell.

In general, ChE activity in serum or plasma of fish in this ex~
periment exhibited more inhibition by both acephate and fenitrothion
than red blood cell enzyme. Since plasma enzyme is more sepsitive to
both insecticides than red blood cell enzyme, it may be used to detect
and indicate the exposure to OP insccticides in fish.

The inhibition of ChE in heart tissue by acephate and fenitrothion
followed the same pattern as in serum enzyme with a rapid dgcrease in
enzyme activity during the first few hours followed ﬁy é‘slower decrease

or recovery of the enzyme activity. Ilowever, the heart ChE inhibition
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did not correlate well with the decrease in heart rate. The heart
tissue used in this study was the ventricle muscle which is not the
primary control of the heart beat, Therefore, ChE inhibition in the
heart ventricle muscle may only indicate the condition of the ventricle
muscle activities such as the strength of contraction and electrical
activity.

Inhibition of ChE in the gill tissue exhibited a pattern similar
to serum enzyme (Figures 13 and 14). Gill enzyme activity in this ex-
periment may be considered as the combination of enzyme from skeletal
muscle and blood since the main structure of gills consists of both
tissues and no attempt was made in this experiment to get rid of the
blood that may be left in the gill filament when analysing the en;yme
activity.

The result observed in this experiment showed that gill ChE is as
sensitive as serum and heart to indicate exposure to OP insecticides.
It is interesting to note that the gill is the major site of toxicant
uptake since it has a relatively large surface area and is very permeable
to most compounds. Therefore, acephate and fenitrothion should inhibit
ChE enzyme that is present in the gill tissue before passing into the
blood system and distributing to other tissues and organs of the fisﬁ
body. The degree of change in the branchial vascular resistance and
the pattern of blood flow through the gill filaments that take blace
during exposure to anti-ChE agents as suggested earlier is probably
related to the inhibition of ChE in gill tissue, especially at the gill
filaments. Specific experiments relating ChE inhibition and the increase

in vascular resistance were not conducted in this study. Bergman et al.
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(1974) reported that the decrease in level of Cl4-urea influx and an
increase in the perfusion pressure were correlated with concentration
of ACh when applied from 10_8 to 10_6 moles/liter to isolated perfused
trout gills.

It can be concluded, from these observations, that the determination
of ChE activity in gill or a fraction of the gill, ie. gill filaments,
may also provide a useful information to indicate the exposure to OP

insecticides in fish.

2.3 Determination of serum electrolytes

The pattern of variations in serum electrolytes of rainbow trout:
associated with exposure to acephate and fenitrothion observed in

i

this study indicates that both OP insecticides induced some degreé of

L
PNk

electrolyte imbalance in fish. The effects are characterized ésecifically
by an increase in serum K+ and a decrease in serum Cl concentrations.’
Several factors may contribute to these changes in serum electro-

lytes.

The gills of fish are not only the primary site of gas transfer
between blood and water but also serve as an important pathway for extra-
renal ion regulation (Conte, 1969). Changes that decrease or increase
gas transfer rates may also affect ion and water exchange across the
gill. There is a countercurrent arrangement of the flows of bloed and
water at the gill and ion and water diffusion across the gills can only
be lowered by reducing the permeability and/or area of the respiratory
- epithelium (Randall et al. 1972). Recent histological examination of
the trout gills revealed that most of the "mitochondria-rich cells" or

"chloride cells" are located in the secondary lamellae, especially on
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the afferent side (Morgan and Towell, 1973) and these cells are

almost certainly the site of ionic transport (Conte, 1969; Maeta
1971). Therefore, the decrease in functional surface area and changes
in the pattern of blood flow in the gill by acephate and fenitrothion
as suggested previously may lead to a decrease in the rate of ion

and water diffusion across the gill.

In freshwater teleosts, water tends to enter the body as the result
of osmotic gradient across the gill and the intestine (Hickman and Trump,
1969), the skin of fish being impermeable (Bentley, 1962; Fromm, 1968),
and water is eliminated through a single pathway, the kidney, in the
form of urine. Discharge of copious urine necessarily involves a loss
of salt dissolved in it, but this is compensated for by an active uptake
of Na+ and C1  through the gills (Richards and Fromm, 1970; Kerstetter
and Kirschner, 1972) and by ionic exchange mechanisms (Evans, 1975).
Fleming et al. (1962) who studied the effects of external salt concen-
trations and ChE inhibitors, eg. B.W. 284-C51 and Mipafox, on the gill
ChE activity and sodium fluxes in several cyprinodontid fishes found
an effect on sodium outflux only but not on sodium uptake. Koch (1954)
however, has presented data which show thatﬁbhE is involved in the active

uptake of sodium by the isolated gill of the crab (Eriocheir sinensis).

It was suggested also by Silver (1974) that ChE may have some involvement
in the process of permeability control and of transport in particular,
the transport of sodium - across membranes eg. in erythrocyte and the
blood brain barrier. Membrane permeability is influenced by pH and it

is also possible that, in some instance, the pH of the system involved

is altered when anti-ChE agents are administered (Silver, 1974). From

these observations, it seems that role of ChE in the osmoregulatory
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mechanisms in fish is still unclear and therefore it is not considered
as a major factor in this study,

The mechanism that most likely caused the serum electrolyte
changes in fish in this study is probably a shift in electrolyte
concéntrations among fluld compartments to maintain the elecro-
neutrality due to the accumulation of certain metabolites. The results
observed in cardiovascular and respiratory study as described pre-
vidusly suggested that both acephate and fenitrothion produced hypoxic
symptoms in fish and some metabolites, ie. lactate, may increase due
to an increase in anaerobic metabolism. Kirk (1974) who studied the-

effect of hypoxia on certain blood and tissue electrolytes of channel

catfish (Ictalurus punctatus) reported that hypoxia produces an acidosis
characterized by an increase in blood lactate and a decline in blood pH.
He suggested that the changes in electrolyte concentrations which occurred
were not due solely to osmoregulatory failure but were in part a response
directed toward buffering acidic products generated by anaerobic metabolism.
Evidence from other studies in mammals indicated that as lactate
lons accumulated during metabolic acidosis, levels of other anioms
(ie. C1 and HCO3—) declined to minimize anf‘increase in total anion
concentration (Tobin, 1958; Frisell, 1968). Several studies also in-
dicated a decline in serum Cl  and blood HCO3- in a variety of fishes
following hypoxia (Black et al. 1962; 1966). The accumulation of lactate
ions could also cause a concommitant increase in cations (1e. K+ and Na+)
to maintain electroneutrality (Kirk, 1974). Glycogen mobilization and the

exchange of glucose between the cellular and extracellular phases in

fish is normally associated with potassium movement (Houston et al. 1971).
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A linear relationship was observed between lactate production and K+
loss in the heart of mammals due to ischemié conditions (Case et al.
1969; Gerlings et al. 1969). An increase in serum K+ concentration
observed in this study sﬁpported the condition of electrolyte disorder,
hyperkalemia, in the heart tissues as demonstrated by the changes in

ECG waveforms in the cardiovascular study.



SUMMARY AND CONCLUSION
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This study can be summarized as follows;

1. Two organophosphorus (OP) insecficides; acephate (a phosphor=-
-amidothioate with a basic structure of P=0), a relatively new OP
insecticide with a very low toxicity to mammals; and fenitrothion (a
phosphorothioate with a basic structure of P=S), a broad spectrum OP
insecticide used extensively throughout the world for control of agricul-

tural and forest pests, were tested on rainbow trout (Salmo gairdneri)

fingerlings to study the effects of temperature stresses on acute
lethality, and cholinesterase (ChE) inhibition in brain and skeletal
muscle. Physiological responses of cardiovascular and respiratory
systems, ChE inhibition in various tissues and changes in serum glectro—
lytes in adult fish exposed to each insecticide were also observed to
provide some more understanding on the sites of action producing death in
fish.

2. Temperature stresses affected the acute lethality of each

insecticide, as indicated by LC.. and MST values, but was more pronounced

50
with fenitrothion than with acephate during the first 24 hour period.

In general, fish died faster as temperature imcreased and slower as
temperature decreased. The effects of temperature became less after .48
hours and no significant effects were observed after 96 hours of exposure,
Temperature may influence the rate of uptake of each insecticide and the
rate of biotransformation processes of fenitrothion by liver microsomal
enzyme systems in fish. Fenitrothion, as an indirect ChE inhibitor probably
requires biotransformation to fenitrooxon (having basic structure of P=0),

which is a more potent ChE inhibitor. Acephate, however, probably does

not require biotransformation since it has basic structure of P=0. 1In
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the fenitrothion experiments, the average QlO value of the rate of
mortality of 3,3 and the changes in the slopes of mortality curves
suggested that biotransformation processes occurred. In the acephate
experiments, the observed QlO values of the rate of mortality of 1.3
and the lack of differences in the slopes of mortality curves also
suggested that temperature affected acephate toxicity by affecting the
rate of absorption only.

- 3. Expressed as LC50 values (the concentration that
produced 50 percent mortality), the toxicity of fenitrothion was about
600 to 1000 times greater than acephate, depending upon the test tempera-
ture. The difference in toxicity between acephate and fenitrothion
may occur because of the difference in the ability of the chemica}? to
penetrate cell membranes and reach the biochemical target receptori(ChE)
and in the capacity of the liver to activate fenitrothion to a moré
potent compound. Fenitrothion, as a lipid soluble compound, can penetrate’
Cell membranes, be distributed within the fish body and be activated by
microsomal liver enzyme system and react with target receptor more readily
than acephate which is a lipid-insoluble compound.

4, There was no correlation between ChE inhibition levels in the
brain and skeletal muscle and death of rainbow trout fingerlings exposed
toacephate and fenitrothion at various concentrations. Dead fish,
especially at higher insecticide concentrations, had a high ChE activity.
Surviving fish, in some cases, had lower ChE acfivity than dead fish.
Tissue homogenization used in the ChE analyses probably allows the
‘intracellular ChE or nonfunctional enzyme pool, which may constitute
about 80 percent of total enzyme, to become available to the substrate.

Therefore there may be a high total ChE activity, but the extracellular
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ChE or functional enzyme pool may be completely inhibited. Dead fish
that stayed longer at lower insecticide concentrations exhibited low
total ChE activity, since the insecticides had more time to penetrate
cell membranes and to inhibit functional and nonfunctional enzyme pools
in the tissues. Tolerance mechanisms may also develop and may allow
surviving fish to adapt to low ChE levels and to the accumulation of ACh.

5. In adult rainbow trout, acephate and fenitrothion produced a
decrease in heart rates, and increases in ventilation rate and amplitude
which are similar to the characteristic of fish exposed to hypoxia.
Hypoxic conditions are suggested to be caused by the anti-ChE action
of these insecticides on the cardiovascular and respiratory systems in
~fish by increasing branchial vascular resistance and reducing the
functional gill surface area. These conditions would interfére with the
diffusion of gases across gill surfaces, decrease oxygen uptake and
carbon dioxide excretion, resulting in the lack of oxygenated blood
supply to tissues and organs in the body. Electrocardiogram (ECG)
waveforms recorded during insecticide exposures were also compatible
with myocardial ischemia (lack of oxygen supply to the heart tissue)
and electrolyte disorders, ie. an increase in‘potassium, produced in
fish heart. No other data were obtained in this experiment, however,
to support this suggestion that OP insecticides induce internal
hypoxia in fish.

6. Fenitrothion produced an increase in cough frequency, but
acephate did not. Coughing is thought to be caused by gill irritation,
but no evidence was obtained in this study to indicate that fenitrothion
produced gill irritation. An alternative explanation has been provided

by some investigators that coughing is controlled by neuronal activity
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in the area of the hind brain. Fenitrothion, as a lipid soluble-compound,
may pass the blood-brain barrier and react with that part of the brain

to affect coughing more readily than acephate which lacks the chemical
properties for passing the blood-brain barrier,

7. Acephate and fenitrothion produced differential patterns of
ChE inhibition in brain, gill, heart, red blood cell, serum and skeletal
muscle in adult rainbow trout. The extent to which this enzyme was
inhibited depends on the physicochemical properties as well as the dis- -
position of both insecticides within the fish body. The validity of
using brain ChE inhibition to indicate death of fish by OP insecticides,
as suggested by several investigators, may be questioned, since the anti-
ChE action of lipid-insoluble OP compounds, such as acephate, may ;;
be restricted to the periphery. Enzyme activities in the :
cardiovascular and respiratory systems, especially gills, heart and
serum, were inhibited to a greater degree by each insecticide. It is
suggested that these two systems are adversely affected by OP insecticides
and therefore should be used to detect and indicate exposure to OP in-
secticides in fish.

8. Acephate and fenitrothion induced éhanges in serum electrolytes,
characterized especially by an increase in serum K+ and a decreaseAiﬁ serum
CL™ concentrations. These changes were considered to be caused by the
rovement of electrolytes among fluid compartments to maintain electro-
-neutrality. It is suggested that ChE may be involved in the mainCenahce
of osmoregulatory process in fish but the evidence'is not definitive
and therefore cannot be considered as a major factor,

In order for a chemical (eg. an OP insecticide) to produce a




122

harmful effect on a biological system in fish, it must go to a specific
receptor (ChE) of that system in proper form and dosage level. Thus

the toxicological effects depend on the manner in which an agent is
absorbed, its distribution within the system, whether it acts as such

or requires some type of metabolic activation, the rate at which the
agent is destroyed or inactivated, and the rate at which it is lost

from the system. Since each of these processes (absorption, distribution,
metébolism and excretion) is dependent on temperature, it is to be
expected that toxicity would be influenced by temperature of the body

as well as the environment. The effects of temperature on toxicity of
indirect ChE inhibitors (ie. fenitrothion) is more complex than that

of direct ChE inhibitors (ie. acephate) since at least two or more
enzyme reactions are involved, ie. enzyme action in the activation and
reaction with the target enzyme (ChE). The rate of toxicity of indirect
ChE inhibitors is more dependent on temperature since the toxic action
depends upon the activation product which results from biotransformation
process.

The need for considering the interaction between insecticides and
environmental factors, eg. temperature when determining the safe levels
of such compounds to fish and other aquatic organisms is evident from
this study. This study demonstrates that the application of acute
lethality data of OP insecticides from cold or moderate temperatures to
other environmental temperatures, eg. the tropical zone, requires con-
sideration not only of the difference in fish species, water characteristics
but also of the specific type of OP insecticides,

In order to protect fish from OP insecticide applications, field

monitoring programs for assessing the effects of OP insecticides on fish



have to be developed. Inhibition of ChE in brain tissue has been
suggested as an indicator in monitoring program by several in-
vestigators, however the results observed in this study indicated
that it is not sensitve and is not correlated with the degree of poisoning.
Toxic action of lipid insoluble compounds, eg. acephate, also indicated
that its site of action is primarily on peripheral systems not central,
therefore other tissues than brain may be better indicators of exposure,
The cardiovascular and respiratory systems eg. gills, heart and serum
were more sensitive to OP insecticides exposure.

From the results observed in this study, it is concluded that
cardiovascular/respiratory systems of fish are very important sites
of action of OP insecticides, especially acephate and fenitrothién, in
rainbow trout. Further investigations, particularly the cardiovﬁsculat
and respiratory changes in fish exposed to OP insecticides should be
conducted to determine the possible effects of internal hypoxia induced
by the ChE inhibition action on the vascular resistance in fish. Other
investigations should be concentrated on the development of the ChE
analysis methods to find the relationship between ChE inhibition levels
in tissues of cardiovascular/respiratory sys;ems and the OP insecticide

exposure.
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mnacromere surface and distinct regression of the LEMs and
“her micromeres towards the animal pole. This cap forma-
ion is not produced following colchicine treatment.

The polar lobe constriction mechanism, known to be depen-
dent upon microfilament activity. was utilized as 2 model for
testing the sensitivity of the filaments to certain tertiary amine
local anesthetics, including tetracaine, procaine. and marcaine.
All these compounds produced arrest and/or relaxation of the
third polar lobe constriction when applied in high dosages.
Both tetracaine and marcaine were demonstrated either to
prevent the appearance of microfilament bundles during polar
lobe formation or putatively to disrupt pre-existing bundles.

An experimental system was designed to test the hypothesis
that observed LEM microfilaments may assist in intercelular
adhesion, along with the septate desmosomes. The D macro-
mere was removed mechanically from embryos pre-treated
with cytochalasin B, colchicine, emetine, tetracaine, procaine,
and marcaine. Failure of the LEMs to cover the wound cavity
left by the detachment of D in the presence of certain drugs
was taken as indirect evidence that the putative LEM filaments
sensitive to these drugs were involved in the constrictive force
directed towards the center of the embryo. Only cytochalasin B
and marcaine induced this configuration. The microfilament-
assisted adhesion hypothesis. therefore, was supported both by
normal morphology and by inhibition experiments. The results
supporting this hypothesis are significant in that they provide
in vivo evidence concerning a functional role for microfila-
Trents in numerous in vitro cell systems.

THE FUNCTIONAL SIGNIFICANCE OF VARIATION IN THE
VOCAL COMMUNICATION SYSTEM OF JAPANESE QUAIL
Order No. 7806227

DAUGHERTY, Lynn Bayiiss, Ph.D. University of Montana,
1977. 196pp. Director: Donald A. Jenni

This study attempted to elucidate a portion of the vocal com-
munication system of Japanese quail by concentrating on the
functional significance of variation within that system.

Ten note types were identified and described from sonagrams
of recordings of vocalizations of sexually mature male and fe-
male Japanese quail made under a variety of laboratory condi-
tions. Eight types of notes intermediate between pairs of note
types and two types of notes intermediate between three note
types were also identified and described.

Three types of variability were identified in the vocalizations
of Japanese quail. “Normal variability” in which signal param-
eter values are distributed relatively normally around easily
identifiable means fell near cne end of a stereotypy-variability
continuum and *“continuous variability” in which values are dis-
tributed fairly evenly along a continuum fell near the opposite
end. “Unit variability,” in which highly stereotyped signal units
are produced in varying combinations, represented a higher
order of variability in the comnmunication process.

Four vocalization types were identified and described on the
basis of patterning of note types and types of variability pres-
ent. Possible functions for these vocalization types were iden-
tified and related to the types of variability present.

Unit variability in the Japanese quail Male Whistle Vocal-
ization was examined from two functional viewpoints, a psycho-
physiological hypothesis which was supported and a message-
meaning hypothesis which was not supported by the findings.
The distribution of Male Whistle Vocalization belween series
containing one note and those containing more than one note
did not differ significantly for the variation types themselves
but did differ significantly for prevalent versus non-prevalent
variation types with non-prevalent variation types more com-
mon in the longer series.

The hypothesis that Crow Vocalizations from different un-
known quail have differential meanings was tested experimen-

tally. Under laboratory conditions male but not female Japa-
nese quai} responded differentially to different unknown male
quail on the basis of their Crow Vocalizations alone. At least
two signal characteristics, one of which was intensity, con-
tributed to the differential meaning of the Crow Vocalization.
The results of this study suggest that variation as well as
stereotypy can be an adaptive attribute of a communication
system but that its functional significance is highly complex,

gORGANOPHOSPHATE INSECTICIDE TOXICITY IN RAINBOW

TROUT (Salmo gairdneri). EFFECTS OF TEMPERA’I“URE
AND INVESTIGATIONS ON THE SITES OF ACTION

J?UANGSAWASDI, Maitree, Ph.D. The University of Manitoba
Canada), 1977

In order to protect fish from organophosphorus (OP) in-
secticide applications, field monitoring programs for assess-
ing the effects of OP insecticides on fish have to be developed.
Detection of OP insecticide pollution in natural water requires
knowledge of the sites of action and the effects of environmen-
tal factors on the toxicity of these chemical in fish. Two OP
insecticides; acephate (a phosphoramidothioate and a direct
inhibitor of cholinesterase [ChE]) and fenitrothion (a phospho-
rothioate and an indirect inhibitor of ChE}, were tested on rain-
bow trout (Salmo gairdneri) fingerlings to study the effects of
temperature stress on acute lethality and ChE inhibition in
brain and skeletal muscle. FPhysiological responses of cardio-
vascular and respiratory systems, ChE inhibition in various
tissues and changes in serum electrolytes in adult fish ex-
posed to each insecticide were observed to provide some more
understanding on the sites of action of OP insecticide produc-
ing death in fish.

Temperature stress affected the acute lethality of each in-
secticide but was more pronounced with fenitrothion than with
acephate during the first 24 hour period. The effects of ten:-
perature stress became less after 48 hours and no significant
effects were observed after 96 hours of exposure. Expressed
as LCx values (the concentration that produced 50 percent
mortality), the toxicity of fenitrothion was about 600 to 1000
times greater than acephate depending upon test temperature.
There was no correlation between ChE inhibition levels in the
brain and skeletal muscle of rainbow trout fingerlings and the
concentration of acephate and fenitrothion which produced mor-
tality. -

Acephate and fenitrothion both produced a decrease in heart
rate, increase in ventilation rate and amplitude in adult rain-
bow trout. Fenitrothion produced an increase in cough fre-
quency, but acephate did not. Acephate and fenitrothion pro-
duced differential patierns of ChE inhibition in various tissues
of fish. The extent to which this enzyme was inhibited depends
on the physicochemical properties and probably the distribution
within the fish body of both insecticides. ChE activities in the
tissues of cardiovascular and respiratory systems especially
gills, heart and serum were inhibited to a greater extent than
prain and skeletal muscle by each insecticide. It is suggested
that these two systems are adversely affected by OP insecti-
cides and therefore could be used to detect exposure to OP in-
secticides in fish. Acephate and fenitrothion prodaced changes
in serum eclectrolytes characterized especially by an increase
in serum potassium and a decrease in serum chloride concen-
trations. These changes were considered to be caused by the
movement of electrolytes among fluid compartments to main-
tuin electronentrality.

This study indicates that the cardiovascular and respiratory
systems in fish are very important sites of action for OP in-
secticide toxicity, and that this toxocity depends on physice-
chemical properties, e.g.. lipid solubility and degree of joniza-
tion of the insecticide, and on environmental faclors, e.g.,
temperature.
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